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The  objectives  of  this  study  were  to  assess  the  impact  of  the  add  deposition  expected 
from  rocket  launches  on  natural  coastal  vegetation  and  soils}  Soils  and  plants  from 
Vandenberg  AFB  were  used  in  a  series  ^greenhouse  and  laboratory  experiments  in 
which  the  effects  of  HC1  aridity  were  observed.- Interest  was  directed  primarily 
toward  the  longer-term  and  more  subtle  effects  of  aridity,  and  the  degree  of 
sensitivity  of  different  soil-plant  systems.  A  study  area  was  established  along  a 
topographic  chronosequence  that  ranged  from  stabilized  dunes  to  residual  soils  over 
bedrock.  Soils  and  plants  were  collected  from  this  region  and  used  in  three  main 
studies.  A  leaching  study  measured  the  changes  in  chemical  properties  of  four  soils 
subjected  to  repeated  add  additions.  A  second  study  treated  seeds  of  wide  variety  of 
native  or  spontaneous  species  with  HC1  on  the  four  soils  to  establish  the  sensitivity 
of  the  vegetation  to  deposition  events  during  the  fall  to  winter  germination  pulse 
characteristic  of  California  coastal  ecosytems.  A  third  study  examined  the  effect  of 
arid  treatments  on  the  growth  of  and  competition  between  two  common  woody 
plants— Artemisia  califomica  and  Pinus  muricata.  A  fourth  study  partially 
supported  by  this  grant  studied  the  invasion  of  an  exotic  species  in  a  recently  burned 
site  on  one  of  the  four  study  soils. 

The  studies  collectively  show  that  although  the  soil-plant  systems  are  well  buffered 
against  moderate  and  low  inputs  of  aridity,  the  effect  of  arid  additions  differed 
among  soil  types  and  from  species  to  species.  Overall  the  hypothesis  that  acidic 
deposition  could  affect  plant-plant  and  soil-plant  interactions  was  supported,  but 
some  of  these  effects  are  subtle  and  not  all  appear  to  be  deleterious.  .<* 
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PART  1 


FIELD  SURVEY  OF  SOIL  PROPERTIES  AND  VEGETATION  COMPOSITION  ON 
FOUR  SOIL  TYPES  AT  VANDENBERG  AIR  FORCE  BASE 


PAUL  H.  ZEDLER  &  GILES  MARION 
Biology  Department 
San  Diego  State  Univeristy 
San  Diego,  CA  92182 
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SITE  SELECTION 

A  topographic  transect  running  from  stabilized  dunes  through  a  chronosequence  of 
progressively  older  sandstone  terraces,  and  ending  in  a  shale-derived  soil,  was 
established  on  South  Vandenberg  Air  Force  Base  near  Cable  Road  between  SLC-4 
and  the  Scout  Launch  Complex  near  Avery  Road  (Fig.  1).  The  Santa  Lucia  (shale- 
derived),  Tangair,  Baywood  and  Dune  soils  occur,  respectively,  from  the  highest  to 
the  lowest  topographic  position.  The  transect  is  located  about  3km  from  the  space 
shuttle  launch  site  (SLC-6).  Possible  transect  locations  closer  to  the  launch  site  were 
investigated  but  rejected  because  one  or  more  soil  types  were  missing  or  poorly 
represented,  the  vegetation  was  badly  disturbed  on  one  or  more  soil  types,  or  both. 
Sampling  at  this  distance  from  the  launch  facilities  in  no  way  affects  the  goals  of  the 
project,  which  emphasize  an  experimental  evaluation  of  sensitivity  of  these  soils 
and  their  associated  vegetation  to  pulses  of  highly  acidified  water. 

SOIL  STUDIES 
METHODS 

The  4  soil  types  along  the  chronosequence  were  described  and  samples  collected 
from  5  soil  pits  on  each  soil  type.  The  pits,  approximately  lm  x  2m  were  dug  to  a 
depth  sufficient  to  reach  the  C  horizon  or  the  underlying  bedrock.  The  soil  pits  were 
located  immediately  adjacent  to  the  vegetation  transects.  Soil  depth,  color,  structure 
and  other  morphological  features  were  recorded  in  the  field.  Samples,  replicated  a 
least  twice,  were  collected  from  each  horizon.  These  were  analyzed  for  the  physical 
and  chemical  properties  at  the  University  of  Alaska  Soils  Laboratory  and  at  The 
Biology  Department,  San  Diego  State  University. 
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RESULTS 


Detailed  results  are  presented  in  Part  4  of  this  report.  However,  the  results  confirm 
the  progression  in  soil  development  from  the  youngest  to  the  oldest  terrace  in  the 
sand-derived  soils.  As  expected,  the  B  horizon  is  absent  in  the  recently  stabilized 
dunes,  present  but  poorly  developed  in  the  Baywood  soil,  and  well  developed  in  the 
Tangair.  With  increasing  silt  plus  clay  content  increases  in  iron  concretions  form, 
approaching  a  hardpan  in  the  most  extreme  examples  of  the  Tangair. 

The  Santa  Luda  soil  is  formed  in  the  diatomaceous  shale  bedrock,  in  contrast  to  the 
other  three  sand-derived  soils.  Like  the  sand  soils,  the  Santa  Lucia  is  acidic,  but  it 
differs  in  nearly  every  other  characteristic.  Of  spedal  significance  is  the  higher 
organic  matter  content  and  the  much  greater  cation  exchange  capacity.  Both  these 
differences  would  tend  to  increase  the  buffering  capacity  of  the  Santa  Luda  relative 
to  the  sand  soils.  The  substantially  finer  texture  of  the  Santa  Luda  soil,  with  some 
horizons  have  more  than  30%  day,  is  one  of  the  main  reasons  for  the  higher 
exchange  capadty.  By  increasing  water  holding  capacity,  the  finer  texture  would  also 
tend  to  restrict  the  effects  of  add  additions  to  the  upper  soil  layers. 

VEGETATION  COMPOSITION 
METHODS 


Vegetation  transects  were  established  in  January  1985  and  sampled  in  June  1985.  The 
arrangement  of  the  transects  along  the  topographic  sequence  is  shown  in  Figure  1. 
The  original  plan  was  to  sample  200m  of  line  transect  on  each  soil  type,  but  because 
of  variability  in  the  vegetation  on  Santa  Lucia  and  Tangair  soils,  an  additional  200m 
was  added. 
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Along  each  transect  the  crown  cover  of  each  species  was  measured  to  the  nearest 
centimeter.  Overlap  was  considered,  so  the  total  crown  cover  can  sum  to  greater 
than  the  length  of  the  transect.  Living  and  dead  canopy  was  recorded.  A  crown 
intercept  was  considered  living  if  there  were  live  leaves  or  branches  present,  even  if 
there  were  also  dead  branches  within  the  same  intercept.  Canopy  was  classified  as 
dead  when  there  were  only  non-living  branches  present.  Live  canopy  therefore 
includes  a  variable  proportion  of  dead  branches.  The  height  of  the  canopy  was 
recorded  every  2m  and  the  species  of  greatest  height  noted.  From  these  data  total 
crown  cover  for  each  species,  the  relative  frequency  of  each  species  as  the  top  layer  of 
the  canopy  and  the  total  amount  of  area  not  covered  by  shrub  canopies  was 
estimated. 


RESULTS 

The  area  of  the  topographic  transect,  except  perhaps  for  most  parts  of  the  Dune  site, 
was  burned  in  1977.  The  data  therefore  reflects  the  vegetation  at  an  early  stage  of 
recovery  after  fire.  These  data  are  summarized  in  Table  1. 

The  Dune  site  was  characterized  by  a  mosaic  of  depressions  and  ridges  which  have 
distinctive  vegetation  assemblages.  The  ridges  have  a  sparse  cover  of  mat-forming 
perennial  herbs,  succulents  (e.g.  Dudleva  spp.)  and  sub-shrubs  (e.g.  Lotus  scoparius). 
The  depressions  have  a  more  or  less  dense  cover  of  mostly  drought  deciduous 
shrubs  (Artemesia  californica.  Lupinus  chamissonis)  and  some  evergreen  species 
(Haplopappus  ericoides).  Overall  cover  was  sparse  with  about  50%  cover  of  live 
crowns  at  the  time  of  the  sample.  The  vegetation  on  the  Baywood  Soil  was  a  well 
developed  coastal  sage  scrub  dominated  by  the  drought-deciduous  Artemesia 
californica  and  the  evergreen  but  relatively  soft  leaved  Haplopappus  ericoides. 
Some  sub-shrubs  (Lotus  scoparius)  and  herbs  (Scrophularia  atrata)  were  also 
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abundant.  A  substantial  proportion  of  the  crown  cover  was  dead  shrubs.  This 
mortality  cannot  be  considered  simply  thinning,  since  the  live  plus  dead  cover  was 
substantially  greater  than  the  live  cover  alone.  It  appears  that  the  vegetation  is 
declining  from  a  peak  of  abundance  and  density,  perhaps  stimulated  by  higher 
fertility  after  the  1977  fire. 

The  Tangair  Soil  was  divided  into  two  samples  sites.  The  lower  site  was  more 
typical  of  coastal  sage-scrub  vegetation,  and  was  dominated  by  Baccharis  pilularis. 
Lotus  scoparius.  and  Rubus  ursinus.  Artemesia  califomica  and  Saliva  mellifera 
were  also  conspicuous.  In  the  upper  portion  of  the  site,  these  sub-shrubs  were 
largely  replaced  by  more  longer  lived  species  typical  of  hard  chaparral  vegetation, 
such  as  Ceanothus  thrvsiflorus,  Ceanothus  impressus  and  Rhamnus  califomica. 
Saliva  mellifera  continued  to  be  important  on  these  upper  slopes  as  well. 

The  Santa  Luda  Soil  was  divided  into  2  sample  sites.  The  east  site  was  dominated  by 
a  sage-scrub  vegetation  in  which  large  patches  of  senescent  Lupinus  arborea  were 
conspicuous.  Chaparral  elements  (Adenostoma  fasciculatum,  Ceanothus 
ramulosus.  Arctostaphvlos  pechoensis)  were  also  present  and  dominated  an 
adjacent  area,  suggesting  that  the  area  sampled  may  have  been  disturbed  in  the  past. 
The  west  site  had  many  of  the  same  species,  but  a  much  denser  cover  of  herbs.  Areas 
without  shrub  cover  were  mostly  covered  with  a  dense  turf  of  mixed  herbs  and 
annual  and  perennial  grasses.  The  shrub  canopy  was  multi-layered  and  complex. 

The  uppermost  layer  was  dominated  by  Salvia  mellifera,  Artemesia  califomica  and 
Baccharis  pilularis.  Beneath  this  drought-deciduous  layer  was  a  sub-canopy  of  Rubus 
ursinus.  Rhamnus  califomica  and  other  low  growing  species. 

The  leaf  phenology  of  the  shrub  species  growing  at  Vandenberg  may  be  an 
important  variable  affecting  degree  of  damage  resulting  from  direct  depositional 


effects,  as  well  as  the  acidity  of  fallout  reaching  the  surface  of  the  soil.  Deposition 
events  that  occur  when  the  deciduous  species  are  fully  developed  are  likely  to  have 
a  very  different  effect  than  deposition  that  occurs  when  these  species  are  mostly 
leafless.  Presumably  deposition  would  also  be  more  harmful  to  species  when  they 
are  in  the  early  stages  of  active  growth  after  the  first  fall  rains  and  in  the  periods  of 
most  favorable  moisture  and  temperature  later  in  the  winter.  For  similar  reasons 
the  vegetation  may  be  particularly  susceptible  in  the  early  post-fire  recovery  period. 
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PART  2 


GERMINATION  RESPONSE  TO  EXTREME  ACIDITY:  IMPACT  OF  SIMULATED 
ACID  DEPOSITION  FROM  A  SINGLE  SHUTTLE  LAUNCH 


CHARLES  A.  ZAMMIT  &  PAUL  H.  ZEDLER 
Biology  Department 
San  Diego  State  University 
San  Diego,  CA  92182 
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Abstract— Shuttle  launches  deposit  highly  acidified  (pH  0.5  -  pH  2.0)  water  vapor  into 
neighboring  natural  vegetation.  A  series  of  experiments  which  determine  the 
impact  of  a  single  simulated  add  deposition  (SAD)  on  native  species  from  four  soil 
types  found  at  Vandenberg  Air  Force  Base,  California  are  reported  here.  Seedling 
survival  and  yield,  seed  germination  and  seedling  emergence  from  each  soil  type 
were  investigated.  A  single,  extreme  SAD  (pH  0.5  and  1.0)  prevented  seedling 
establishment  in  all  three  spedes  tested,  while  SAD  of  pH  2.5  reduced  survival  and 
yield.  The  germination  responses  of  seven  spedes  was  significantly  reduced  by  a 
single  SAD  of  pH  1.0,  however,  the  magnitude  of  this  reduction  varied  widely 
between  spedes  and  also  within  a  spedes  on  different  soils.  The  moisture  status  of 
seeds  also  influenced  germination  response,  but  there  was  no  consistent  pattern.  In 
addition,  there  was  a  slight  germination  enhancement  in  some  species  after  a  single 
exposure  to  SAD  of  pH  2.0.  The  number  of  seedlings  that  emerged  from  field 
collected  soil  was  not  significantly  influenced  by  a  single  SAD  under  greenhouse 
conditions.  These  results  suggest  that  germination,  survival  and  yield  in  most 
spedes  may  be  reduced  after  each  shuttle  launch,  if  other  conditions  for  seedling 
establishment  are  suitable.  However,  spedes-specific  levels  of  seed  dormancy, 
temperature  and  soil  moisture  conditions  and  the  frequency  of  launches  will  also 
influence  seedling  establishment. 

INTRODUCTION 

Each  space  shuttle  launch  deposits  about  60  tons  of  hydrogen  chloride  gas  and 
about  87  tons  of  aluminum  oxide  particles  into  the  surrounding  environment, 
carried  in  water  vaporized  during  the  launch^1'21*.  The  acid  deposition  from  such  a 
cloud  of  water  vapor  is  different  from  other  forms  of  acid  rain  in  several  ways.  First, 
the  addification  is  primarily  due  to  hydrochloric  acid,  although  other  compounds 


1 1 

are  also  presen  t<12).  Second,  the  pH  of  the  vapor  is  around  pH  0.5  in  the  vicinity  of 
the  launch  site,  and  is  usually  diluted  rapidly  with  distance,  although  long-distance 
effects  have  been  recorded^12'  ‘22-\  Third,  add  depositions  are  episodic  over  time;  they 
occur  only  as  often  as  launches  occur. 

The  long-term  stability  of  vegetation  exposed  to  such  extreme  addification  may  be 
influenced  by  the  resilience  of  the  soil  seed  bank.  Seed  banks  represent  the  genetic 
persistence  of  lineages  over  time  and  extreme  acidification  may  influence  the 
survivorship  of  particular  seed  taxa  and  so  have  the  potential  for  altering  floristic 
composition  through  local  extinctions.  The  rate  of  floristic  change  will  most  likely 
be  driven  by  species-spedfic  responses  to  addification  and  their  interaction  with  soil 
conditions,  the  frequency  of  launches  and  dimatic  conditions  before  and 
immediately  after  launches.  The  vegetation  of  semi-arid  regions  may  also  be  more 
susceptible  to  pulses  of  aridity.  The  coastal  grasslands  and  shrublands  around  the 
launch  site  at  Vandenberg  AFB  are  subject  to  prolonged  seasonal  drought  and 
periodic  fires.  Annual  spedes  of  grasses  and  herbs  are  prominent  parts  of  the 
vegetation.  After  fire,  many  of  the  shrub  spedes  regenerate  largely  from  dormant 
seed.  There  is  the  possibility  that  launches  at  or  shortly  before  suitable  times  for 
germination,  espedally  after  fire,  may  cause  significant  mortality  among  seed 
regenerating  populations.  This  in  turn  could  cause  major  shifts  in  species 
composition,  and  in  the  worst  case,  a  significant  loss  of  plant  cover. 

Three  experiments  conducted  under  controlled  conditions  are  reported  here.  The 
first  compared  seedling  survivorship  and  the  yield  of  survivors  after  a  single 
simulated  acid  deposition  (SAD)  in  three  native  species.  The  second  determined  the 
germination  response  of  an  additional  seven  native  spedes  to  a  single  SAD  on  the 
soil  type  which  supported  each  in  our  study  area.  Spedes  found  on  several  soils 
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were  exposed  to  SAD  on  each.  The  third  determined  the  impact  of  a  single  SAD  on 
the  number  of  seedlings  that  emerged  from  field-collected  soils. 

METHODS 

Study  area  and  species  selection. 

Vandenberg  Air  Force  Base,  on  the  central  California  coast  about  240  km  north  of 
Los  Angeles,  is  the  proposed  site  for  military  shuttle  launches.  The  vegetation 
within  the  base  is  made  up  of  a  mixture  of  dune,  coastal  sage,  chaparral,  grassland 
and  tree  communities*3).  Rainfall  is  confined  to  winter  months  but  coastal  fog 
represents  an  additional  source  of  moisture.  Our  study  sites  were  in  the  southern 
area  of  the  base,  about  8  km  north  of  the  proposed  shuttle  launch  facilities.  Survey 
areas  were  selected  in  each  of  four  distinct  soil  types:  Dime,  Baywood,  Tangair  and 
Santa  Luda  soil  series*2).  These  soils  differ  significantly  in  most  of  their  physical 
and  chemical  properties*24).  However,  the  Dime,  Baywood  and  Tangair  soils  are  all 
dune-derived  sands  differing  in  age  and  therefore  profile  development.  Santa  Lucia 
is  a  day  loam  derived  from  shale  and  indudes  a  large  proportion  of  shale  fragments. 

Mean  soil  pH  for  the  four  soils  are;  Dune  4.79  +  .39,  Baywood  5.93  +  .38,  Tangair 
5.75  +  .36  and  Santa  Lucia  4.99  +  .43*24).  At  least  one  representative  species  from 
each  soil  type  and  a  common  species  found  on  several  soils  were  selected  for 
study*24).  Distributions  and  descriptions  of  the  selected  species  are  presented  in  Table 


Experiment  1:  The  impact  of  SAD  on  seedling  survival  and  pot  yield. 


This  experiment,  conducted  in  an  unheated  greenhouse,  was  laid  out  as 
arandomized  block  design  with  two  treatment  factors,  soil  type  (Dune,  Baywood, 
Tangair  and  Santa  Lucia)  and  SAD  level  (pH  of  0.5, 1.0,  2.5  and  5.6).  All  SAD 
treatments  were  prepared  from  1.0  N  hydrochloric  acid  by  appropriate  dilutions 
with  deionized  water.  Pots  were  the  experimental  unit  and  there  were  four  8.0  cm 
free-draining  pots  per  treatment  throughout.  Each  pot  was  filled  with  160  g  of  the 
appropriate,  air-dried  soil  and  50  seeds  were  lightly  pressed  into  the  soil  surface. 
Separate  experiments  were  conducted  on  seeds  from  three  species,  Mimulus 
aurantiacus.  Artemisia  californica,  Baccharis  pilularis.  all  of  which  were  common  in 
our  field  sites.  For  each  experiment  60  ml  of  the  appropriate  pH  solution  was  added 
to  each  pot.  Controls  received  deionized  water  (pH  5.6).  This  volume  of  water 
brought  all  soils  to  field  capacity.  Thereafter  each  pot  was  regularly  watered  with 
deionized  water.  The  number  of  seedlings  that  were  alive  after  30  days  was 
determined.  The  above  ground  biomass  from  each  pot  was  harvested,  dried  at  80°C 
and  weighed  to  provide  a  measure  of  yield  per  pot.  Transformed  (log(x+l))  results 
for  each  species  were  analyzed  by  two-way  ANOVA.  Soil  pH  was  measured  after  all 
seedlings  were  harvested. 

Experiment  2:  Impact  of  SAD  on  seed  germination. 

Bulked  seed  samples  were  either  collected  from  the  field  sites  or  were  obtained 
from  a  commercial  seed  supplier  (S  &  S  Seeds,  Carpintaria,  California).  The 
commercial  seeds  were  collected  from  native  populations.  Preliminary  trials  were 
done  to  determine  the  conditions  that  maximized  germination.  Most  species 
germinated  best  at  15°C,  although  some  did  equally  well  at  20°C.  Lotus  scoparius,  a 
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hardseeded  species,  had  higher  germination  after  seeds  were  exposed  to  heat 
(120°C/5  min).  Seeds  of  this  species  were  heat-treated  before  exposure  to  SAD. 

The  SAD  experiment,  repeated  for  seven  species,  was  also  laid  out  as  a  randomized 
block  design  with  two  factors:  SAD  level  (pH  of  1.0,  2.0  and  5.6)  and  seed  moisture 
condition  (air-dry  or  imbibing  water).  The  volume  of  acidified  water  applied  to  each 
experimental  unit  was  based  on  an  estimate  of  deposition  after  shuttle  launches  at 
the  John  F.  Kennedy  Space  Center,  Florida  (0.144  ml  of  pH  1.0  HCl/cm2).  This 
estimate  represents  about  50g  CW/m2,  and  corresponds  to  chloride  deposition  about 
200  m  from  the  launch  facilities.  We  chose  this  level  of  acidification  for  use  in  our 
experiments  because  it  approximated  the  mid-range  of  chloride  deposition  at 
Kennedy  Space  Center  (maximum  was  100  g/m2)(22).  Experiments  on  each  species 
were  conducted  on  the  appropriate  soil,  collected  from  the  field  sites.  All  soils  were 
sieved  (3  mm)  and  autoclaved  (125°C/60  min)  to  kill  whatever  seeds  the  soil 
contained.  The  experimental  unit  was  a  free-draining  flat  (20  x  10  x  5  cm)  containing 
500  g  of  the  processed  soil  and  25  seeds  laid  on  the  soil  surface.  These  flats  were 
placed  in  two  trays  (75  x  75  cm),  12  to  a  tray,  for  a  total  of  24  flats  for  each  species.  One 
tray  of  12  flats  was  allocated  to  a  wet  treatment,  the  other  tray  to  a  dry  treatment.  For 
the  dry  treatment,  the  dry  soil  surface  of  each  flat  was  misted  with  20  ml  of  acidified, 
deionized  water.  Three  SAD  levels  (pH  1.0,  2.0  and  5.6)  were  each  replicated  four 
times.  In  this  treatment  seeds  on  the  soil  surface  would  have  low  moisture  content 
at  the  time  of  exposure  to  SAD.  Immediately  after  applying  this  treatment  4  1  of 
deionized  water  were  added  to  the  tray  to  bring  soil  in  each  flat  to  field  capacity.  For 
the  wet  treatment  the  soil  in  each  flat  was  first  misted  with  20  ml  of  deionized  water 
to  initiate  imbibition,  and  20  ml  of  the  appropriate  SAD  was  applied  24  hr  later. 

This  treatment  represented  moist  field  conditions,  seeds  would  have  imbibed  water 
before  acidification.  Experimental  flats  were  never  watered  from  above.  Deionized 
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water  (4 1)  was  added  to  each  tray  as  required.  Soils  remained  at  field  capacity 
throughout  the  experiment.  Most  species  showed  a  preference  for  germination  at 
15°C,  so  all  experiments  were  conducted  in  a  15°C  growth  chamber. 

The  number  of  germinated  seeds  were  scored  and  removed  every  day.  When  no 
further  germinations  occurred  for  4-5  consecutive  days  all  remaining  seeds  were 
removed  and  tested  for  viability  using  0.05%  tetrazolium  chloride,  which 
distinguished  dormant  from  dead  seeds  among  the  ungerminated  fractiond5). 

However,  some  of  the  very  small  seeded  species  (e.g.,  Artemisia  califomica)  were 
impossible  to  find  in  the  wet  soil  matrix  and  were  not  tested  for  viability.  Percentage 
germination  for  each  species  was  analyzed  by  two-way  ANOVA  after  arc-sine 
transformation. 

Experiment  3:  Impact  of  SAD  on  the  number  of  seedlings  recruited  from  soil. 

Two  soil  samples  were  collected  at  1  m  intervals  along  30  m  transects  placed  into 
vegetation  on  each  of  the  four  soils  in  the  study  area.  Metal  soil  canisters  were  used 
for  sampling  (7  cm  diameter  x  4.7  cm  deep)  and  sample-pairs  from  each  1  m 
interval  were  pooled.  Soils  were  air-dried  and  sieved  (3  mm).  The  design  of  this 
experiment  was  identical  to  that  of  the  germination  experiment  outlined  above. 

Each  flat  was  filled  with  700  g  of  washed  river  sand  and  100  g  of  sieved  sample  soil 
was  spread  evenly  over  the  sand  to  a  depth  of  about  0.5  cm.  Soil  samples  used  for 
this  experiment  were  drawn  randomly  from  the  sample  of  30  from  each  transect. 

Sets  of  12  flats  were  placed  in  trays  as  before.  Eight  trays,  two  for  each  soil  type, 
containedl2  flats  each.  One  tray  from  each  soil  type  was  designated  a  moist 
treatment  and  the  other  a  dry  treatment.  For  the  dry  seed  treatment  20  ml  of 
acidified,  deionized  water  was  sprayed  over  the  soil  surface  (pH  1.0,  2.0  and  5.6).  For 


the  moist  seed  treatment  each  tray  was  filled  with  4  1  of  deionized  water  and  the 
soils  in  flats  allowed  to  take  up  water  over  several  days.  Add  treatments  were  then 
applied.  The  number  of  emergent  seedlings  was  recorded  from  each  flat  each  week 
at  which  time  all  flats  were  randomly  repositioned.  This  experiment  was  conducted 
under  greenhouse  conditions  from  17  March  to  28  April  1987.  No  further 
germinations  were  recorded  after  21  April  1987. 

RESULTS 

Experiment  1:  The  effect  of  SAD  on  seedling  survival  and  pot  yield. 

No  seedlings  of  any  of  the  species  investigated  here  survived  30  days  after  a  single 
SAD  of  pH  0.5  and  pH  1.0.  Soil  pH  values  for  all  SAD  treatment  levels  are  given  in 
Table  2.  The  influence  of  SAD  and  soil  type  on  seedling  survival  and  pot  yield  was 
determined  for  the  pH  2.5  and  control  treatment  (pH  5.6)  for  each  species  in  turn. 

(a)  Seedling  survivorship 

More  Mi  aurantiacus  than  B.  pilularis  and  californica  seedlings  survived  for  30 
days  on  all  soils  after  a  single  SAD  of  pH  2.5  (Fig.  la).  For  NL  aurantiacus,  soil  and 
SAD  independently  influenced  the  number  of  seedlings  that  survived  (Table  3a). 
The  number  of  Ik  pilularis  seedlings  that  survived  was  only  influenced  by  soil, 
while  in  californica  the  interaction  between  soil  type  and  SAD  significantly 
influenced  seedling  survival  (Table  3a,  Fig.  la). 


Yield  (biomass  per  pot)  was  significantly  influenced  by  soil  in  all  three  species,  but  a 
single  SAD  of  pH  2.5  significantly  reduced  the  pot  yield  in  A.  californica  only  (Table 
3b).  In  general,  yield  was  greatest  on  the  Santa  Luda  soil  and  lowest  on  the  Dune  soil 
(Fig.  lb).  The  yield  of  A.  californica  was  greater  than  that  of  the  other  two  spedes  on 
all  soils  except  the  Dune  type,  where  M.  aurantiacus  was  more  productive  (Fig.  lb). 

Experiment  2:  Impact  of  SAD  on  seed  germination. 

Germination  was  significantly  reduced  after  a  single  SAD  of  pH  1.0  in  all  spedes 
except  Scrophularia  californica  (Tables  4,  5).  However,  the  magnitude  of  the 
response  varied  markedly  between  spedes,  SAD  level  and  seed  moisture  condition 
(Table  5).  There  was  no  consistent  germination  response  to  the  pH  2.0  treatment. 
Neither  was  there  a  strong  tendency  for  addification  to  increase  germination  in  any 
of  the  spedes  tested  here,  although  some  evidence  exists.  For  example  dry  A. 
californica  seeds  on  Baywood  soil  exposed  to  pH  2.0  produced  significantly  higher 
germination  than  did  the  control  (Table  5:  unplanned  comparison  F548  =  46.90,  P  < 
.001).  In  general,  lower  germination  in  the  extreme  SAD  treatment  was  the  result  of 
a  higher  proportion  of  dead  seeds,  as  determined  by  tetrazolium  test,  rather  than 
changes  to  the  ratio  of  germinable  and  dormant  fractions. 

In  only  four  cases  was  there  a  significant  interaction  between  the  moisture  status  of 
seeds  and  SAD  (Table  4).  Three  were  found  in  A.  californica;  on  Dune,  Baywood  and 
Tangair  soils  respectively  (Table  4).  It  is  clear  that  the  germination  response  of  A. 
californica  was  influenced  by  soil  type  at  all  SAD  levels,  but  seed  moisture  status 
was  only  significant  at  pH  2.0  (Table  6). 


There  was  no  change  in  germination  rate  after  SAD  in  all  species  except  Bromus 
diandrus.  where  SAD  of  pH  1.0  spread  germination  over  four  times  the  time  taken 
by  controls  (16  days  vs.  4  days). 

Experiment  3:  Impact  of  SAD  on  the  number  of  seedlings  recruited  from  soil  seed 
banks. 

Seedling  density  was  significantly  influenced  by  soil  type  (F372  =  180.8,  P  <  .001):  the 
Baywood  soil  supported  26.4  +  6.7  seedlings,  Tangair  13.3  +  14.5  seedlings,  Santa 
Lucia  9.8  +  3.7  seedlings  and  Dune  1.5  +  1.4  seedlings  per  100  g  of  soil.  However, 
there  was  no  significant  change  in  the  number  of  emergent  seedlings  after  a  single 
SAD  (F2.72  =  2.12,  NS),  and  the  effect  of  SAD  on  seedling  emergence  did  not  interact 
significantly  with  soil  type  (F672  =  0.41,  NS).  In  this  experiment  we  did  not  attempt  to 
identify  the  seedlings. 

DISCUSSION 

Our  objective  in  this  study  has  been  to  determine  the  impact  of  a  single  SAD  on  the 
seed  reserve  of  vegetation  in  the  vicinity  of  the  shuttle  launch  facility  at 
Vandenberg  Air  Force  Base.  Overall,  our  results  indicate  that  under  favorable 
conditions  for  seedling  recruitment,  the  proportion  of  germinating  seeds  will  be 
reduced  by  a  single  exposure  to  pH  1.0,  and  that  survivorship  among  these  will  be 
negligible.  Exposure  to  pH  2.0  will  not  significantly  reduce  the  germinable  fraction, 
but  may  stimulate  germination  in  some  species.  However,  exposure  to  a  single  SAD 
of  pH  2.0  is  likely  to  reduce  seedling  survivorship  and  yield.  Soil  type  and  seed 
moisture  condition  will  also  influence  the  impact  of  a  single  SAD  on  germination. 
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Many  of  the  species  investigated  in  our  study  produce  a  mixture  of  dormant  and 
germinable  seeds,  but  the  impact  of  acidification  on  the  dormant  fraction  is  not 
known.  It  is  likely  that  the  general  response  of  this  fraction  will  be  an  acceleration  in 
the  rate  at  which  seeds  become  germinable.  Exposure  to  acid  is  a  well  accepted 
technique  for  breaking  seed  dormancy  in  the  laboratory*14'23). 

Other  workers,  investigating  the  effects  of  acid  rain,  have  demonstrated  some 
reduction  in  germination  after  continual  exposure  to  pH  2.0-3.0,  and  significant 
interspecific  variation  in  the  degree  of  response  among  coexisting  species*9'13'17-20*. 

Our  results  illustrate  that  a  single  exposure  to  more  extreme  acid  conditions  reduces 
the  apparent  tolerance  of  seeds,  but  interspecific  variation  is  still  present.  In 
addition,  germination  rate  under  controlled  conditions  is  not  generally  influenced 
by  a  single  SAD.  A  similar  result  had  been  reported  for  tree  seeds  exposed  to 
continual  acidification*201.  Numerous  authors  have  demonstrated  that  germination 
response  is  less  sensitive  than  is  subsequent  seedling  growth  to 
acidification*10-13'17'18'191.  Although  it  is  common  for  continual  acidification,  under 
controlled  conditions,  to  stunt  seedling  size  and  induce  morphological  changes  to 
leaf  structure*1-4'6'9'13-181,  it  is  not  clear  what  the  consequences  of  these  changes  are  for 
seed  production  and  therefore  the  persistence  of  lineages.  It  may  be  that,  over  time, 
seedlings  exposed  to  acidified  precipitation  will  develop  into  seed-producing  plants, 
albeit  more  slowly  than  controls.  Limited  evidence  supports  the  view  that  damage 
from  acidification  does  not  necessarily  result  in  lower  reproductive  yield*4'3'7'101. 

Moreover,  weak  acidification  from  sulfate  and  nitrate  compounds  may  stimulate 
yield  by  providing  additional  nutrients*51. 

In  contrast,  the  increased  mortality  among  seeds  and  seedlings  exposed  to  extreme 
acidification  is  likely  to  alter  both  the  floristic  composition  of  the  neighboring 
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vegetation  and  may  also  reduce  genetic  diversity.  The  results  of  SCHMALTZER  et 
al.(2D  indicate  that  species  composition  changed  dramatically  over  about  30  months 
after  the  first  shuttle  launch  at  John  F.  Kennedy  Space  Center  in  April  1981. 
Moreover,  the  impact  of  launch  emissions  appears  to  be  different  on  different 
growth  forms.  One  third  of  trees  and  shrubs  increased  in  relative  cover  while  one 
third  disappeared  from  their  sites.  One  third  of  the  grasses  and  sedges  recorded  after 
nine  launches  were  not  present  on  the  sites  alter  the  first  launch  and  over  half  of 
the  herbs  disappeared  between  the  first  and  ninth  launch.  In  general,  the  herbaceous 
flora  was  most  sensitive  and  the  grasses  and  sedges  most  resilient  to  near-field 
launch  emissions*21 

The  apparent  resilience  of  soil  seed  banks  to  a  single  SAD  reported  here  requires 
further  experimental  work.  It  is  possible  that  the  germinable  seed  reserve  in  our 
small  (100  g)  soil  samples  was  inadequate  to  detect  significant  changes  in  emergence 
after  a  single  SAD.  The  mean  number  of  seedlings  that  emerged  was  different  in  the 
four  soils,  and  the  Tangair  soil  in  particular  had  high  variance  between  replicates. 
Furthermore,  several  other  factors,  not  included  in  the  design  of  this  experiment, 
will  influence  the  number  of  seeds  that  germinate.  Many  species  require  heat,  other 
chemical  stimuli  and  specific  environmental  conditions  to  germinate*81. 

In  order  to  better  understand  the  direction  of  vegetation  change  after  sequential 
exposures  to  emissions  from  shuttle  launches  we  encourage  the  development  of 
carefully  designed  field  experiments  complimented  by  experiments  under 
controlled  conditions.  Of  particular  relevance  is  the  interaction  between  the  effects 
of  shuttle  emissions  and  other  factors  that  limit  seedling  establishment  in  the  field 
(e.g.,  moisture  stress,  herbivory).  If  we  are  to  manage  communities  subject  to 
chronic  disturbances  and  stresses  effectively,  only  careful  experimentation  will 


allow  the  development  of  predictive  models. 
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Table  2.  Mean  soil  pH  (±  SD:  n  =  12  pots)  approximately  40  days  after  exposure 
to  a  single  SAD  (see  Methods)  to  each  of  the  four  soil  types  in  the  vicinity  of  the 
launch  facilities  at  Vandenberg  Air  Force  Base. 


SAD 

Dune 

Baywood 

Tangair 

Santa  Lucia 

0.5 

2.56  ±43 

2.52  ±.38 

2.46  ±  .29 

2.28  ±.10 

1.5 

3.30  ±.21 

3.99  ±  .16 

3.98  ±  .25 

3.94  ±  .28 

2.5 

4.20  ±.14 

5.56  ±  .21 

5.37  ±.23 

5.05 +  .18 

5.6 

4.81  +  .18 

6.21  +  .23 

5.92  +  .13 

5.36  +  .16 

5$ 


Table  3.  (a)  Seedling  survivorship  and  (b)  pot  yield  (mg)  for  .A  Califomica,  B. 
pilularis  and  M.  aurantiacus  grown  for  30  days  on  four  soils  after  exposure  to  a 
single  SAD  of  pH  2.5  compared  to  controls  at  pH  5.6.  Note  that  all  seeds  exposed  to  a 
single  SAD  of  pH  0.5  or  1.0  died.  Two-way  ANOVA  was  performed  on  log(x+l) 
transformed  values  for  each  species.  Mean  values  are  given  in  Fig.  1.  ***  P  <  .001;  *  P 
<  .05 
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(a)  Seedling  surviorship  per  pot  30  days  after  treatment 

A.  califomica  B.  pilularis  M.  aurantiacus 


Source 

df 

MS 

F 

MS 

F 

MS 

F 

Soil 

3 

0.750 

60.70*** 

1.09 

19.40*** 

0.150 

4.40 

SAD 

1 

0.006 

0.45 

0.040 

0.73 

0.260 

7.60’ 

S  x  SAD 

3 

0.037 

2.99* 

0.045 

0.81 

0.073 

2.20 

Error 

24 

0.012 

0.056 

0.034 

(b)  Pot  yield  (mg)  30  days  after  treatment 

A.  califomica  B.  pilularis  M.  aurantiacus 


Source 

df 

MS 

F 

MS 

F 

MS 

F 

Soil 

3 

4.849 

205.10*** 

3.028 

24.50*** 

0.685 

27.00*** 

SAD 

1 

0.282 

11.90*** 

0.030 

0.24 

0.055 

2.16 

S  x  SAD 

3 

0.046 

1.96 

0.164 

1.33 

0.011 

2.20 

Error  24  0.024  0.124  0.025 
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Table  5.  Germination  of  seeds  exposed  to  a  single  SAD.  Seeds  were  either  air-dry  or  had  imbibed  water  for  24 
mean  proportion  germinating  (+  SD)  from  four  replicates  (see  Methods).  Soils  are:  D  =  Dune;  B  =  Baywood;T  = 
Santa  Lucia. 
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Table  6.  The  effect  of  each  level  of  the  SAD  treatment  on  arc-sine  transformed 
proportions  of  germinated  Artemisia  califomica  seeds  found  on  four  soil  types 
under  imbibed  and  dry  seed  condition,  compared  by  separate  two-way  ANOVA. 
Untransformed  means  for  each  level  of  each  factor  are  given  in  Table  4.  ***  P<. 

*  P  <  .05 


Levels  of  SAD 

pH  1.0 

pH  2.0 

pH  5.6 

Source 

df 
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.017 

.41 

.383 
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.0003  .02 

Soil  type 
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.606  14.80*** 

.909 

67.50*** 

.271  18. 1C 
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1.44 
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.011  .73 

Error 
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Fig.  1.  Comparison  of  (a)  the  mean  number  of  surviving  seedlings  (n  =  50)  and,  (b) 
mean  pot  yield  (mg)  30  days  after  exposure  to  a  single  SAD.  The  SAD  treatment  had  two 
levels;  pH  2.5  (dear  bars)  and  control  of  pH  5.6  (horizontal  bars).  Each  of  the  three 
spedes  was  grown  on  four  soils. 
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Three  replacement  series  experiments  were  done  which  investigated  the 
performance  of  two  species  from  Vandenberg  AFB  growing  on  native  soils  in  pure 
and  mixed  culture  under  various  treatments.  One  experiment  involved  the 
response  of  the  species  to  drought  while  the  other  two  experiments  involved  the 
response  of  the  species  to  different  modes  of  acid  deposition.  The  purpose  of  these 
competition  experiments  was  to  determine  if  add  depositions  of  the  magnitude 
derived  from  shuttle  launches  could  potentially  alter  the  interactions  between 
spedes. 

Soils  and  Spedes 

Pinus  muricata  D.  Don.  (Bishop  pine)  and  Artemisia  californica  Less.  (Coastal 
sagebrush)  were  selected  for  the  following  experiments  for  several  reasons.  First, 
both  spedes  occur  locally  in  the  Vandenberg  area  and  they  are  distributed  on  similar 
soil  types.  Second,  distinct  boundaries  exist  between  these  species  as  the  gradient 
between  the  sandy  coastal  terrace  soils  give  way  to  the  shale  derived  soils  away  from 
the  immediate  coast.  Third,  characteristics  of  spedes  (e.g.  foliar  damage,  changes  in 
abundance)  and  the  properties  of  soils  (soil  pH,  nutrient  status)  can  be  altered  by 
extreme  inputs  of  add  deposition  such  as  those  generated  by  the  launching  of  space 
vehicles.  How  interactions  between  these  two  spedes  might  be  effected  by  changes  in 
spedes  characteristics  and  soil  properties  caused  by  increased  deposition  of  acid 
fallout  from  the  launching  of  space  shuttles  in  the  vicinity  were  of  interest  and  set 
the  scene  for  the  experiments. 

Examples  of  where  boundaries  between  the  two  species  can  occur  are  on  the  Santa 
Lucia  and  Tangair  soils.  The  Santa  Luda  soil  is  a  well  drained,  slightly  addic,  shaly 
clay  loam  over  a  siliceous  shale  bedrock  distributed  on  moderate  to  steep  slopes 
generally  inland  and  at  higher  elevations  than  the  soils  making  up  the  coastal 


terraces  (USDA  1972).  The  Tangair  soil  is  a  somewhat  poorly  drained,  slightly  acidic, 
sandy  soil  which  contains  small  iron  concretions  in  the  subsoil  (USDA  1972).  This 
soil  type  is  derived  from  old  marine  deposits  overlying  shale  on  the  coastal  terraces 
and  in  Santa  Barbara  County  the  Tangair  series  is  almost  entirely  contained  within 
the  boundaries  of  Vandenberg  Air  Force  Base. 

Pinus  muricata  is  a  relatively  small,  slender,  two  needle  pine  which  occurs  on  Santa 
Cruz  Island  and  along  the  coast  from  Santa  Barbara  County  to  Humbolt  County, 
California  (Smith  1976).  In  Santa  Barbara  County,  in  particular  at  Vandenberg  Air 
Force  Base  (VAFB),  localized  stands  of  this  species  can  be  found  on  both  Santa  Lucia 
and  Tangair  soil  types  (Coulombe  and  Mahrdt  1976).  A  serotinal  species  in  this  part 
of  its  range  (Duffield  1951),  P.  muricata  retains  most  of  the  seed  bank  within  closed 
cones  in  the  canopy.  Seed  release  followed  by  large  pulses  of  seedling  establishment 
occur  only  after  fire.  However  in  other  areas,  P.  muricata  is  less  serotinous  (Duffield 
1951)  and  seedling  establishment  may  occur  during  the  long  interval  between  fires. 

Artemisia  califomica  is  a  widely  distributed  grayish  aromatic  shrub.  It  occurs  along 
the  coast  and  low  inland  fans  from  lower  California  to  central  California  and  also  on 
the  major  offshore  islands  (Smith  1976  ).  One  of  the  major  component  shrub  species 
of  the  coastal  sage  scrub  in  the  Vandenberg  region  this  shrub  grows  well  on  both 
Santa  Luda  and  Tangair  soils  and  it  may  dominate  local  areas  along  the  coast 
(Coulombe  and  Marhdt  1976).  A;,  califomica  has  a  weak  ability  to  resprout  after  fire, 
and  can  easily  establish  seedlings  both  between  and  after  fires  (Malanson  and 
Westman  1985).  It  disperses  seeds  annually  but  probably  has  no  long  term  soil  seed 
reserve. 


Add  treatment  experiments 


The  repeated  deposition  of  add  solutions  of  high  concentrations,  such  as  those 
generated  by  shuttle  launches,  can  have  effects  on  the  spedes  composition  of  plant 
communities,  have  detrimental  effects  on  foliar  tissues,  and  result  in  changes  in  soil 
properties  (Granett  1983;  Hinkle  et.  al.  1986;  Schmalzer  1985,1986).  In  this  study,  two 
experiments  were  designed  to  investigate  the  effects  of  acid  deposition  on  the 
performance  (competitive  interaction)  between  Artemisia  californica  and  Pinus 
muricata  seedlings  when  grown  on  native  soils  in  pure  and  mixed  cultures.  The 
first  experiment  involved  a  single  application  of  pH  1.0  hydrochloric  acid  (HC1)  to 
the  foliage  of  three  month  old  seedlings  of  each  spedes.  A  second  experiment 
involved  the  repeated  treatment  of  native  soils  with  HC1  solutions  of  varying  pH 
and  then  measuring  the  performance  of  each  spedes  when  grown  on  these  treated 
soils. 

EXPERIMENT  1:  THE  EFFECT  OF  A  SINGLE  FOLIAR  APPLICATION  OF  PH  1.0 
HYDROCHLORIC  ACID  ON  GROWTH,  BIOMASS  PRODUCTION  AND  RELATIVE 
YIELD  OF  PINUS  MURCATA  and  ARTEMISIA  CALIFORNICA  GROWING  IN 
PURE  AND  MIXED  CULTURE. 

The  effects  addic  rain  has  on  plant  foliar  tissues  are  well  documented.  In  general, 
the  type  of  add,  pH  of  the  rain,  the  magnitude  and  duration  of  exposure,  and  the 
plant  spedes  involved  are  all  factors  determining  the  amount  and  kind  of  damage 
to  plant  tissues  (State  University  of  New  York  1982, 1984;  Evans  and  Curry  1979). 
These  effects  can  be  superfidal  (e.g.  erosion  of  the  cutin  layer),  or  they  can  lead  to  the 
death  and  absdssion  of  plant  parts  (  Evans  et  al.  1977;  Percy  and  Baker  1987;  Tamm 
and  Cowling  1977;  Temple  1987).  The  extent  of  foliar  damage  tends  to  increase  with 
leaf  area  (Evans  et.  al.  1977)  and  increasing  aridity  (Haines  et.  al.  19o0).  Foliar 


nutrients  (K+,  Ca++,  amino  adds,  proteins)  can  also  be  leached  (Scherbatskoy  and 
Klein  1983). 
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The  bulk  of  the  research  on  the  effects  of  foliar  deposition  of  acid  on  plant  tissues 
deals  with  rain  addified  by  nitrogen  and  sulfur  emissions.  These  sources  of 
pollutants  and  the  resulting  adds  are  different  from  the  kinds  of  emissions  which 
come  from  the  launching  of  space  rockets.  In  particular,  the  solid  rocket  boosters 
used  to  launch  the  space  shuttle  emit  vast  amounts  of  chloride  gas  and  aluminum 
particulates.  The  chloride  gas  reacts  with  water  (used  to  cool  the  launch  pad  and 
dampen  sound)  to  form  hydrochloric  add  which  can  have  a  pH  of  0.5  near  the 
launch  complex  (Anderson  and  Keller  1983). 

Experiments  designed  to  determine  the  effects  of  hydrogen  chloride  gas  on  plant 
tissues  show  that  significant  leaf  damage  does  occur  when  plants  were  exposed  to 
high  concentrations  of  HC1  gas  and  that  the  amount  of  damage  was  dependent  on 
the  exposure  duration,  plant  species,  and  tissue  age  (Lind  and  London  1971;  Lerman 
et.  al.  1976;  Endress  et.  al.  1978, 1979;  Granett  and  Taylor  1981).  Studies  of  the  effect  of 
HC1  deposition  on  vegetation  around  launch  areas  have  been  done  at  John  F. 
Kennedy  Space  Center,  Florida,  in  conjunction  with  shuttle  launches  there.  These 
studies  showed  that  near  field  effects  on  vegetation  can  be  quite  severe,  far-field 
effects  on  vegetation  are  dependent  on  the  concentration  of  HC1  deposition  and 
plant  sensitivity,  and  that  the  recovery  of  the  vegetation  in  both  areas  is  dependent 
on  the  frequency  of  launches  (Schmalzer  et.  al.  1985,  1986).  Pre-launch  studies  in  the 
Vandenberg  area  report  that  the  economic  plant  industries  in  the  region  may  be 
significantly  affected  if  "launch  clouds"  reach  nearby  agricultural  fields  (Granett 
1983).  A  pre-launch  study  on  the  effects  of  acid  deposition  on  native  vegetation  in 
the  Vandenberg  area  show  that  extreme  doses  of  acid  (pH  .05-1.0  HC1)  can  inhibit 
germination  and  establishment  of  species  native  to  the  Vandenberg  area  while 


acidities  in  the  range  of  pH  25-5.6  may  reduce  or  stimulate  germination  depending 
on  the  species  and  soil  type  (  Zammit  and  Zedler  1988). 

This  experiment  was  designed  to  determine  how  a  single  application  of  HC1  of 
extreme  pH  (1.0)  might  affect  the  competitive  abilities  of  the  native  species 
Artemisia  californica  and  Pinus  muricata  during  the  establishment  phase  of  their 
life  cycles.  The  growth,  biomass,  and  relative  yield  of  seedlings  of  these  two  species 
were  used  as  measures  of  performance.  The  hypothesis  tested  was  that  Artemisia 
californica.  a  broadleaf  species,  is  more  sensitive  to  foliar  applications  of  acid  than 
Pinus  muricata.  a  coniferous  species. 

METHODS 

Planting 

Seeds  of  A.  californica  and  R  muricata  were  germinated  in  growth  chambers.  Pairs 
of  seedlings  were  planted  in  two  planting  mixtures  in  250  cc.  pots  containing 
Tangair  soil  collected  at  VAFB.  Pure  cultures  contained  either  two  Pinus  or  two 
Artemisia  seedlings  while  mixed  cultures  contained  one  seedling  of  each  species. 
The  seedlings  were  allowed  to  grow  in  a  covered  greenhouse  for  three  months 
(March-June  1987)  before  treatments  were  applied. 

Acid  Treatments 

After  3  months  growth,  the  pots  in  each  planting  mixture  were  randomly  assigned 
an  application  treatment  so  that  there  were  10  replicates  (pots)  per  mixture  per 
treatment  (Tablel).  Treatments  were  applied  once  using  an  atomizer  spray  bottle 
and  the  rate  of  deposition  was  on  a  per  area  basis.  Half  the  pots  were  sprayed  with  1.8 
ml  of  pH  1.0  HC1  and  the  other  half  with  an  equal  amount  of  de-ionized  water  to  act 


as  a  control.  The  amount  of  add  applied  was  calculated  from  reported  rates  of  near 
field  deposition  (6.7  g  HCl/m^  or  183  meq  H+/m2)  from  several  shuttle  launches  at 
Kennedy  Space  Center  (Milligan  and  Hubbardl983,  Marion  et.  al.,  this  report).  After 
treatment,  the  seedlings  were  grown  for  one  month  and  then  harvested. 

Measurements  and  Analysis 

Growth  throughout  the  experiment  was  estimated  by  calculating  the  change  in 
height  of  the  seedlings  from  monthly  height  measurements.  Final  plant  heights 
were  measured  prior  to  harvesting  1  month  after  the  foliar  application  of 
treatments.  Harvested  plants  were  used  to  estimate  total  biomass  production  which 
was  divided  into  a  shoot  and  root  portion.  Roottshoot  ratios  and  relative  yields  were 
also  calculated.  A  three-way  ANOVA  was  used  to  determine  statistical  differences 
between  the  main  effects  species  (A.  califomica:  P.  muricata).  planting  mixture 
(pure;  mixed),  and  spray  treatment  (add;  water)  along  with  any  interactions. 

RESULTS 

Productivity 

The  relationship  between  spedes,  growing  mixture,  and  the  effect  of  a  single  foliar 
application  of  pH  1.0  HC1  proved  to  be  complex  and  interactive  (Table  2).  This  was 
espedally  true  for  height  change  after  treatment,  shoot  biomass,  and  total  biomass. 
Analysis  of  root  biomass  and  root:shoot  ratios  were  more  easy  to  interpret.  Several 
general  trends  can,  however,  be  suggested  by  observing  the  distribution  of  the  mean 
values  (Table  3). 

The  growth  of  both  spedes,  expressed  as  the  change  in  height,  was  retarded  after  the 
application  of  a  single  dose  of  pHl.O  HC1  when  compared  to  those  treated  with  de- 


ionized  water  (Table  3).  This  was  especially  true  for  Artemisia  seedlings  grown  in 
mixed  culture. 

Seedlings  of  Pinus  had  greater  total  biomass  (dry  weight),  overall,  than  Artemisia 
seedlings  (Table  3).  This  is  reflected  in  greater  shoot  and  root  biomass  accumulations 
for  the  Pinus  seedlings.  For  Artemisia  seedlings,  there  was  more  total  biomass  for 
the  add  treated  seedlings  than  the  controls  and  this  is  probably  a  direct  effect  of  the 
larger  accumulation  of  shoot  biomass  observed  for  these  seedlings.  It  appears  that 
there  was  a  stimulation  in  shoot  biomass  production  for  Artemisia  in  pure  and 
mixed  culture  after  add  treatment. 

The  root:shoot  ratios  tended  to  be  higher,  though  not  significantly,  in  the  control 
treatments  than  in  the  add  treatment  for  both  species  across  all  mixtures  (Table  3). 
There  was,  however,  a  significant  difference  in  root:shoot  ratios  between  mixtures 
overall,  with  plants  grown  in  pure  culture  having  larger  ratios  (a  greater  proportion 
of  roots  to  shoots).  This  may  indicate  an  interadion  between  spedes  for  rooting 
space  in  the  mixed  cultures. 

Relative  yield 

In  order  to  make  an  assessment  of  the  magnitude  and  direction  of  the  competitive 
interactions,  if  any,  between  the  two  spedes,  relative  yields  were  calculated  for  two 
of  the  measures  of  performance;  final  height  and  total  biomass.  These  relative  yield 
values  were  calculated  by  dividing  the  mean  of  the  measure  of  performance  for  the 
mixed  culture  by  the  mean  of  the  same  factor  for  the  pure  culture  within  each 
spedes.  When  plotted  on  a  graph  the  direction  of  the  competitive  interactions  are 
determined  by  which  quadrant  of  the  relative  yield  graph  the  calculated  values  lie 
while  the  magnitude  of  the  interaction  is  determined  by  how  far  within  the 
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quadrant  the  value  lies  with  respect  to  the  intersection  of  the  relative  yield  equals  1 
line  (Figure  1;  Harper  1977). 

For  this  experiment,  the  two  relative  yield  graphs  suggest  that  the  species  are 
interacting,  but  that  this  does  not  have  a  strong  competitive  element.  Acid 
application  changes  the  nature  of  the  interaction.  Considering  height,  both  species 
do  better  in  the  presence  of  the  other  in  the  control,  but  when  acid  is  applied  this 
apparent  synergistic  effect  is  cancelled,  with  Pinus  performing  about  the  same  in 
mixed  and  pure  cultures  and  Artemisia  performing  more  poorly  (Figure  2).  The 
biomass  data  likewise  show  that  acid  shifts  the  interaction,  in  this  case  from  Pinus 
neutral  and  Artemisia  depressed  to  Pinus  appearing  to  be  suppressed  by  Artemisia 
(Figure  3). 

DISCUSSION 

Detecting  competition  between  species  remains  a  controversial  topic  because  of 
methodological  difficulties  and  because  interpretation  of  analyses  is  rarely  dearcut 
(Connolly  1986,1987;  Firbank  and  Watkinson  1987;  Mead  1979;  Snaydon  1979;  Sih  et. 
al.  1985).  In  their  reviews  of  field  experiments  designed  to  investigate  competition, 
both  Connell  (1983)  and  Schoener  (1983)  found  a  high  percentage  of  studies 
demonstrating  competition.  Despite  this  evidence,  they  condude  that  it  is  still 
difficult  to  produce  dear  demonstrations  of  interspedfic  competition  in  field 
situations.  However,  insights  into  the  nature  of  interactions  between  spedes  grown 
with  themselves  and  with  other  spedes  can  be  drawn  from  simple  experiments 
which  measure  the  performance  of  these  species  growing  in  various  mixtures 
(Heywood  and  Levin  1986;  Davidson  and  Robson  1986;  Armstrong  1985;  Shainsky 
and  Radosevich  1986).  The  results  of  these  performance  tests,  although  often 
statistically  complex,  suggest  that  interactions  between  spedes  exist,  but  whether 


these  interactions  can  be  called  truly  "competitive"  in  nature  is  highly  debatable. 
Performance  in  these  experiments  referred  to  relative  yields,  relative  growth  rates, 
physiological  measures,  or  biomass  allocation.  Performance,  as  used  in  the  set  of 
experiments  reported  on  here,  was  measured  by  differences  in  productivity  (growth 
and  biomass)  and  relative  yields  of  the  two  species  in  response  to  different  soils  and 
varying  treatments. 

A  single  application  of  pH  1.0  HC1  was  sufficient  enough  to  retard  the  growth 
(change  in  height)  of  three  month  old  Pinus  and  Artemisia  seedlings.  Final  height 
relative  yield  results  suggest  that  Artemisia  was  the  more  sensitive  of  the  two 
species  to  add  treatment.  This  greater  sensitivity  may  be  due  to  the  more  delicate 
herbaceous  tissue  Artemisia  possesses  in  comparison  to  the  more  sderophyllus 
tissue  of  a  pine  needle.  Although  conifer  foliage  has  been  suggested  to  be  more 
resistant  to  add  deposition  than  broadleaf  spedes  (Lee  and  Weber  1979;  Maurice  and 
Crang  1986;  Percy  1986)  damage  to  conifer  needles  can  be  highly  variable,  occurring 
in  some  instances  (Wood  and  Borman  1977,  McColl  and  Johnson  1983,  Armentano 
et.  al.  1987)  while  not  in  others  (Maurice  and  Crang  1986;  McColl  and  Firestone 
1987). 

The  greater  yield  of  the  Pinus  seedlings  across  all  mixes  and  treatments  may  be 
explained  by  the  greater  proportion  of  heavier  woody  stem  tissue.  What  is 
noteworthy  is  the  apparent  stimulation  of  shoot  biomass  produdion  for  the  add 
treated  seedlings  of  Artemisia.  This  is  because  the  lateral  buds  were  released  due  to 
the  death  or  damage  of  the  apical  meristem  by  the  add.  The  biomass  increase  may 
thus  be  a  consequence  of  the  early  recruitment  of  lateral  stems  on  these  seedlings. 
Jacobson  et.  al.  (1987)  found  a  similar  capacity  to  recover  and  compensate  for  damage 
to  foliage  due  to  add  application  in  cucumbers  (Cucumis  sativus  L.)  while  Lee  et.  al. 
(1981)  found  a  stimulation  in  the  stems  and  leaves  of  sweet  com.  The  magnitude  of 


the  competitive  advantage  for  Artemisia  may  be  an  indirect  measure  of  this  shoot 
stimulation.  The  effect  of  foliar  applications  of  add  on  the  yield  of  plants  in  general 
is,  however,  highly  variable.  Studies  performed  on  crop  plants  exposed  to  foliar 
applications  of  add  indicate  that  significant  reductions  in  yield  depend  on  the 
spedes,  exposure,  and  aridity  of  the  rain  (Lee  et.  al.  1981;  Evans  et.  al.  1986; 

Ashendon  and  Bell  1987;  Temple  et.  al.  1987;  and  Olson  et.  al.  1987).  The  yield  of 
some  crop  spedes  appear  unaffected  by  foliar  applications  of  add  (Lee  et.  al.  1981;  Pell 
et.  al.  1987;  and  Jacobson  et.  al.  1987). 

This  experiment  provides  evidence  that  a  single  foliar  application  of  extreme  acidity 
is  enough  to  shift  the  interaction  between  seedlings  of  Artemisia  californica  and 
Pinus  muricata  despite  the  initial  foliar  damage  to  Artemisia.  The  explanation  for 
this  complex  pattern  appears  to  lie  in  the  different  way  that  the  two  species  react  to 
add  deposition.  Artemisia  foliage  is  sensitive  to  add  but  is  able  to  sprout  from 
dormant  buds.  Thus  height  is  negatively  affected,  but  biomass  produdion  is 
apparently  stimulated.  Whether  the  advantage  gained  by  Artemisia  at  this  stage  of 
the  life  cyde  would  continue  into  later  stages  is  dependent  on  the  long  term  ability 
of  both  spedes  to  recover.  Also,  as  in  the  case  of  shuttle  launches,  the  ability  of  the 
spedes  to  recover  from  repeated  acid  deposition  events  could  make  a  substantial 
difference  in  the  magnitude  of  the  shifts  in  the  interadions. 
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EXPERIMENT  2:  THE  EFFECT  OF  ACID-LEACHED  SOILS  ON  THE  GROWTH, 
BIOMASS  PRODUCTION  AND  RELATIVE  YIELD  OF  PINUS  MURCATA  and 
ARTEMISIA  CALIFORNIA  SEEDLINGS. 

The  effects  add  deposition  has  on  soils  are  complex  due  to  the  nature  of  the 
interactions  between  soil  physical  and  chemical  properties.  There  are,  however, 
some  generalizations  that  have  emerged  from  the  studies  of  acid  inputs  to  soil 
systems.  Soil  sensitivity  ratings  have  been  developed  that  rate  soils  on  their 
resistance  to  change  from  add  deposition.  Early  rating  systems  were  based  on 
buffering  capadty  and  base  saturation  of  soils  (Wiklander  1980;  Bache  1980;  Peterson 
1980).  The  latest  rating  systems  rely  more  on  cation  exchange  capadties  and  soil  pH 
to  assess  sensitivity  to  change  by  acid  inputs  (McFee  1983;  Reuss  and  Johnson  1986). 
Depending  on  the  system  used,  the  most  sensitive  soils  appear  to  be  noncalcareous 
sandy  soils  with  pH  >  5.0  (Wiklander  1980),  shallow  poorly  buffered  sandy  textured 
soils  also  low  in  organic  matter  (Bache  1980),  soils  with  low  cation  exchange 
capadties  and  pH  >  5.0  (McFee  1983),  and  soils  having  moderate  to  high  base 
saturation  but  low  cation  exchange  capadties  (Reuss  and  Johnson  1986). 

It  is  widely  accepted  that  the  continued  deposition  of  relatively  low  pH  add 
solutions  on  soils  will  increase  the  leaching  of  base  cations  (e.g.  Ca++,  Mg++)  and 
may  increase  the  mobility  of  Al+++  ions  resulting  in  alterations  to  the  buffering 
capadty  of  the  soil  and  a  lowering  of  the  soil  pH  (Baker  and  Hocking  1977;  Johnson 
et.  al.  1982;  Hinkle  et.  al.  1986;  Reuss  and  Johnson  1986,  Marion  et.  al.,  this  report). 
The  rate  of  base  cation  leaching  is  dependent  on  the  size  of  the  pool  of  exchangeable 
bases,  the  rate  of  replenishment  by  weathering,  the  level  of  acid  deposition,  and  the 
amount  of  mobile  anions  present  (Johnson  et.  al.  1982;  Reuss  and  Johnson  1986). 


Leached  cations  may  become  immobilized  and  accumulate  in  soil  horizons  25  cm  to 
100  cm  deep  in  some  soils  (Kelly  and  Strickland  1987). 

Major  plant  nutrients  such  as  phosphorous  and  nitrogen  may  also  be  affected,  but 
not  always  in  a  straightforward  manner  (Aber  et.  al.  1982).  Cole  and  Stewart  (1983) 
suggest  that  as  soils  become  acidified  the  amount  of  phosphorous  in  soil  solution 
and  organic  forms  should  increase.  These  increased  phosphorous  levels  are  due  to 
chemical  weathering  and  decreases  in  microbial  turnover,  respectively.  Nitrogen 
losses  are  commonly  from  the  leaching  of  nitrate  (NO3),  a  highly  mobile  anion, 
while  ammonia  (NH4)  is  more  resistant  to  leaching  due  to  binding  within  the 
exchange  complex  (Johnson  et.  al.  1982;  Reuss  and  Johnson  1986;  Kelly  and 
Strickland  1987).  The  lowering  of  the  soil  pH  due  to  add  inputs  can  do  several 
things.  First  it  may  inhibit  the  oxidation  of  NH4  to  NO3.  Second,  it  can  cause  a 
decrease  in  organic  matter  decomposition  which  reduces  the  amount  of  available 
nitrogen.  Third,  soil  addification  can  increase  the  leaching  of  nitrates  (NO3)  which 
ultimately  depletes  base  cations  decreasing  the  soil  pH  further  (Aber  et.  al.  1982; 
Reuss  and  Johnson  1986).  Although  nitrogen  mineralization  can  be  inhibited  and 
NO3  production  lowered  with  add  treatments,  Stroo  and  Alexander  (1986)  report 
that  this  condition  occurs  immediately  after  treatment  and  that  with  add  free 
intervals  soils  may  have  a  rapid  recovery  of  N-mineralization. 

Changes  in  soil  chemical  properties  as  well  as  changes  in  soil  pH  will  usually  take 
place  only  after  long  periods  of  continued  exposure  with  acid  depositions  of  pH  4.0 
or  less  (Reuss  1980;  Reuss  and  Johnson  1986).  This  process  may  be  accelerated, 
however,  as  in  the  case  of  repeated  depositions  of  concentrated  acid  solutions  like 
those  characteristic  near  space  shuttle  launch  areas  (Hinkle  et.  al.  1986). 


The  purpose  of  this  experiment  was  to  determine  the  effect  of  soils  leached 
repeatedly  with  acid  solutions  of  varying  pH  on  the  competitive 
interactions  between  seedlings  of  two  native  species  of  the  Vandenberg  area, 
Artemisia  califomica  and  Pinus  muricata.  This  was  an  attempt  to  simulate  a  series 
of  closely  spaced  shuttle  launches  at  various  distances  from  the  launch  site. 
Performance  of  the  two  species  was  determined  by  using  growth  and  biomass 
measurements  and  competitive  effects  judged  by  the  use  of  relative  yields.  The 
hypothesis  tested  was  that  Pinus  muricata  seedlings  are  more  tolerant  of  add  treated 
soils  than  Artemisia  califomica  seedlings  and  thus  gain  a  competitive  advantage  in 
growth,  biomass,  and  relative  yield  as  the  pH  of  the  soil  decreases. 

METHODS 

Preparation  of  Soils 

Representative  samples  of  Santa  Lucia  and  Tangair  soils  were  collected  from  VAFB, 
air  dried,  and  passed  through  a  2mm.  sieve  to  remove  the  larger  stones.  The  total 
volume  of  each  soil  type  for  each  treatment  level  was  estimated  and  divided  into  5 
equal  parts  which  were  placed  into  large  tubs.  Soils  in  these  tubs  were  leached  on  a 
soil  volume/ acid  volume  basis  with  dilutions  of  IN  hydrochloric  add  by  adding  1.6 
ml  HC1  of  the  adjusted  pH  per  cc.  of  soil.  This  was  equivalent  to  near  field 
deposition  rates  as  recorded  for  shuttle  launches  at  Kennedy  Space  Center  of  6.7  g 
HCl/m^  (183  meq  H+/m2)  of  soil  (Milligan  and  Hubbard  1983;  Marion  et.  al.,  this 
report)  to  a  depth  of  20  cm..  Thus,  20.4  ml  of  hydrochloric  add;  either  pH  1.0,  2.5,  or 
5.6  (ambient),  was  added  to  the  appropriate  replicate  tub.  The  soils  were  thoroughly 
mixed  to  assure  dispersion  of  the  add  throughout  the  tub  and  were  left  to  stand  for 
24  hours.  Each  tub  of  soil  was  then  leached  with  400  ml  of  de-ionized  water.  This 
was  equivalent  to  2.7  cm  of  water  (soil  volume/rain  volume)  which  was  an 


approximation  of  the  mean  monthly  rainfall  for  the  Vandenberg  area.  The  leachate 
was  collected,  the  pH  measured,  and  the  samples  were  stored  for  later  nutrient 
analysis.  The  tubs  were  left  to  drain  for  2  days  and  the  above  procedure  was  repeated 
five  times.  After  the  last  treatment,  the  soils  were  allowed  to  dry  and  the  tubs  of  soil 
within  treatments  and  soil  type  were  combined  and  placed  into  250  cc  pots. 

Planting 

Seeds  of  both  species  were  germinated  in  growth  chambers  to  assure  uniform 
seedling  size  and  numbers  at  the  time  of  planting.  Seedlings  were  planted  two  to  a 
pot  in  two  mixtures.  The  pure  culture  pots  contained  two  seedlings  of  either  Pinus 
or  Artemisia  while  the  mixed  culture  pots  contained  one  seedling  of  each  species. 
Each  planting  mixture  and  the  three  pH  treatment  levels  were  replicated  16  times 
within  soil  types  (Table  4).  The  plants  were  watered  regularly  and  allowed  to  grow 
for  three  months  (March-  June  1987)  in  a  covered  greenhouse. 

Measurements 

Growth  of  the  seedlings  was  monitored  by  calculating  the  change  in  height  of  the 
seedlings  from  monthly  height  measurements.  A  final  height  measurement  was 
taken  immediately  before  the  seedlings  were  harvested  after  3  months  growth.  Total 
biomass  was  estimated  from  oven  dried  plants  and  was  partitioned  into  a  shoot  and 
root  portion.  Root:shoot  ratios  were  also  determined.  Relative  yields  were  calculated 
by  dividing  the  mean  yield  in  the  mixture  by  the  mean  yield  in  pure  culture  for  the 
respective  performance  measure.  The  soil  in  the  pots  was  allowed  to  dry  after 
harvesting  the  plants  and  the  soil  pH  was  measured  from  a  1:1  paste  of  water  to  soil 
using  a  pH  probe.  The  leachates  collected  during  the  acid  leaching  process  were 
analyzed  for  nitrate,  ammonia,  and  phosphate  using  standard  techniques 
(Technicon  1987a,b,c).  Foliar  nutrients  (phosphorous  and  total  Kjeldahl  nitrogen) 


were  determined  by  analyzing  the  add  digests  of  leaves  or  needles  of  each  spedes 
(Technicon  1987d).  All  nutrients  were  measured  using  a  Technicon  Autoanalyzer  II. 

RESULTS 

Soil  pH 

The  results  for  the  effect  of  pH  treatment  on  the  soil  pH  of  the  two  native  soils 
indicate  a  significant  interaction  between  soil  type  and  pH  treatment  (Table  5).  An 
examination  of  the  means  for  each  treatment  and  soil  type  show  a  soil  pH  difference 
between  the  two  soils  with  the  Santa  Lucia  soil  having  the  more  addic  soil  pH 
across  all  treatments  (Table  6).  The  rate  of  decrease  in  soil  pH  as  the  treatments 
became  more  acidic  appears  greater  for  the  Santa  Lucia  soil  and  the  largest  change  in 
soil  pH  occurred  when  either  soil  was  treated  with  pH  1.0  HC1  solution. 

Leachate  Analysis 

pH-  The  pH  of  the  soil  leachate  was  affected  by  pH  treatment,  soil  type,  number  of 
treatments,  and  strong  interactions  among  these  factors  (Table  7).  Examination  of 
the  means  reveals  the  source  of  the  interactions  (Table  8).  The  general  trend 
suggested  was  that  the  leachate  pH  declined  more  or  less  continuously  at  pH  1.0  in 
both  soil  types  while  the  leachate  pH  showed  little  change  as  the  number  of 
leachings  increased  for  the  pH  2.5  and  5.6  treatments.  In  addition,  the  leachate  from 
Santa  Luda  soil  appeared  more  sensitive  to  changes  in  pH  at  the  pH  1.0  treatment 
than  the  Tangair  soil  similarly  treated. 

Nutrients 

Nitrate:  After  five  leachings  with  HC1  of  varying  pH,  the  Santa  Luda  soil  had  a 
significantly  greater  total  release  of  nitrate  than  the  Tangair  soil  (Table  9).  However, 


the  total  amount  of  nitrate  released  was  consistent  between  pH  treatments  within 
soil  types  (Table  10).  These  trends  can  be  seen  more  clearly  when  the  cumulative 
loss  of  nitrate  for  the  two  soils  and  three  treatments  is  graphed  against  the  number 
of  teachings  (Figure  4a).  Although  the  same  amount  of  nitrate  is  released  by  the  two 
soils  for  all  treatments  initially,  the  rate  of  release  was  greater  for  the  Santa  Lucia 
soil  as  the  number  of  teachings  increased  across  all  treatments. 

Ammonia:  There  was  a  significant  difference  between  soil  types  for  the  loss  of 
ammonia  (Table  9)  such  that  the  total  ammonia  leached  was  greater  for  the  Tangair 
soil  than  the  Santa  Luda  soil  (Table  10).  It  can  be  seen  that  this  difference  was 
strongly  driven  by  the  greater  rate  of  release  of  ammonia  at  the  pH  1.0  treatment  on 
the  Tangair  soil  by  observing  the  cumulative  loss  of  ammonia  as  a  function  of  the 
number  of  teachings  (Figure  4b).  The  total  release  of  ammonia  was  not  different  for 
the  different  pH  treatments  on  either  soil  due  to  the  high  variability  of  the  means. 

Phosphate:  There  was  no  effect  of  pH  treatment  or  a  difference  between  soil  types  for 
the  total  amount  of  phosphate  released  (Table  9).  Approximately  equal  amounts  of 
phosphate  were  released  within  soils  between  treatments  and  between  soils  overall 
(Table  10).  Cumulative  loss  of  phosphate  by  soil  type  and  treatment  (Figure  4c) 
reveals  that  although  the  largest  amount  of  phosphate  was  released  from  Tangair 
soil  treated  with  pH  1.0  solutions,  the  rate  and  amount  of  change  between  soils  and 
treatments,  overall,  is  approximately  the  same. 

Plant  productivity 

Statistical  analysis  of  the  productivity  factors  revealed  that  the  relationships  between 
height  change  and  biomass  for  the  two  species  on  the  acid  treated  soils  was  complex 
and  extremely  interactive  (Tables  11).  Insights  into  this  complex  relationship  can  be 
inferred  by  examining  the  distribution  of  the  mean  values  across  the  factors  for  all 


treatments  (Table  12).  Germinated  Artemisia  seeds  in  pure  culture  on  Santa  Lucia 
soil  leached  with  a  solution  of  pH  1.0  HC1  failed  to  grow.  Survival  and  growth  of 
Artemisia  seedlings  was  low  on  Santa  Luda  soil  for  the  mixed  culture  (1  plant)  and 
on  Tangair  soil  for  both  mixtures  ( 1  plant  in  pure,  5  plants  in  mixed)  at  the  pH  1.0 
treatments.  This  may  be  due  to  the  lowering  of  the  soil  pH  caused  by  the  add 
leaching  process  and  the  sensitivity  of  young  seedlings  of  this  spedes  (Table  6). 

In  general.  Pin  us  seedlings  had  greater  final  heights  than  Artemisia  seedlings  on  the 
add  treated  soils  (Tables  11-12).  There  was  a  tendency,  although  not  a  significant 
one,  for  both  spedes  to  grow  taller  in  mixed  culture.  This  was  especially  true  for 
Artemisia  seedlings  growing  on  Santa  Luda  soil.  The  effect  of  the  acid  treatments  on 
final  height  was  only  strongly  evident  for  Artemisia  seedlings  at  the  pH  1.0  level  on 
Santa  Luda  soil. 

Total  biomass  accumulation  for  Artemisia  seedlings  tended  to  be  larger  when  grown 
in  mixed  culture  for  both  soil  types  and  it  was  greatest  when  grown  on  the  pH  5.6 
treated  Santa  Luda  soil  (Table  11-12).  The  large  root  production  by  Artemisia 
seedlings  for  this  treatment  may  be  the  reason  (Table  12).  Total  biomass  of  Pinus 
seedlings  was  essentially  indifferent  to  mixture  for  both  soils  but  did  better  than 
Artemisia  overall  on  the  Tangair  soil.  This  result  was  due  in  part  to  the  larger  shoot 
biomass  accumulation  for  Pinus  on  Tangair  soil  (Table  12).  The  effect  of  pH 
treatment  was  again  only  strongly  evident  for  Artemisia  seedlings  at  the  pH  1.0 
treatment  on  Santa  Luda  soil  for  total  biomass  as  well  as  individual  root  and  shoot 
biomass. 

Root:shoot  ratios,  in  general,  were  greater  for  Artemisia  seedlings  than  Pinus 
seedlings  across  both  soils  and  all  treatments  (Table  11-12).  This  was  most  evident 


for  the  Tangair  soils  where  Artemisia  seedlings  produced  a  greater  proportion  of 
roots  to  shoots. 

Relative  yield 

Relative  yield  comparisons  were  made  for  the  final  height  and  total  biomass  for  the 
seedlings  of  both  soils  and  the  various  add  treatments.  These  data  show  that  the 
competitive  effects  of  Artemisia  on  Pinus  were  extremely  weak.  Final  height 
relative  yield  data  show  no  strong  effect  on  Pinus  and  only  a  weak  negative  effect  on 
Artemisia  seedlings  growing  on  pH  2.5  treated  Tangair  soil  (Figure  5).  An  indirect 
competitive  advantage  was  gained  by  Pinus  seedlings  on  pH  1.0  treated  Santa  Luda 
soil  due  to  the  failure  of  growth  of  Artemisia  seedlings.  The  biomass  relative  yield 
data  hint  at  a  slight  advantage  for  Artemisia  in  the  pH  5.6  treatments  on  both  soils 
while  the  pH  2.5  treated  Tangair  soil  had  a  weak  negative  effect  on  both  spedes 
(Figure  6).  The  pH  1.0  treated  Tangair  soil  had  a  slight  positive  effect  on  both  species 
espedally  on  Artemisia  biomass  while  the  failure  of  Artemisia  seedlings  to  grow  on 
the  similarly  treated  Santa  Luda  soils  gave  an  indirect  advantage  to  Pinus. 

Foliar  Nutrient  Analysis 

Nitrogen 

Interactions  between  spedes,  mixture,  pH  treatment,  and  soil  type  had  significant 
effects  on  the  concentration  of  nitrogen  in  the  foliage  of  Pinus  and  Artemisia 
seedlings  (Table  13).  However,  small  sample  sizes  for  Artemisia  make  drawing 
condusions  about  the  effect  of  pH  1.0  treatments  on  foliar  nitrogen  concentrations 
for  this  spedes  difficult  and  it  may  make  the  significance  patterns  detected  less 
reliable. 


Although  the  results  are  complex  several  patterns  emerged  from  the  distribution  of 
the  mean  values  (Table  14).  Overall,  Artemisia  seedlings  had  greater  concentrations 
of  nitrogen  in  their  foliage.  Within  species,  foliar  nitrogen  tended  to  be  greater  in 
pure  culture  in  the  pH  1.0  and  2.5  treatments  and  greater  in  mixed  culture  at  pH  5.6 
for  Artemisia.  Pinus  seedlings  tended  to  have  greater  foliar  concentrations  in  mixed 
culture  across  all  treatments.  It  appears  that  pH  treatment  played  only  a  minor  role 
in  determining  the  foliar  concentration  of  nitrogen  for  both  spedes. 

Total  nitrogen  content  for  foliage  of  Artemisia  and  Pinus  seedlings  was  significantly 
influenced  by  interactions  between  spedes /mixture  and  spedes/pH  treatment  (Table 
15).  The  only  dear  pattern  revealed  by  examining  the  distribution  of  the  mean 
values  was  a  tendency  for  Artemisia  growing  in  mixed  culture  on  Tangair  soil  to 
have  greater  foliar  nitrogen  contents  than  those  growing  in  pure  culture  on  this  soil 
(Table  16). 

Phosphorous 

There  was  a  significant  difference  between  species  for  the  foliar  concentration  of 
phosphorous  (Table  13).  Overall,  concentrations  of  phosphorous  were  greater  in  the 
foliage  of  Artemisia  seedlings  than  Pinus  seedlings  (Table  14).  Soil  type,  pH 
treatment,  and  planting  mixture  appear  to  have  had  little  effect  on  the  foliar 
concentration  of  phosphorous.  Species,  soil  type,  and  planting  mixture  interactively 
affect  the  total  content  of  foliar  phosphorous  in  these  species  (Table  15),  but  other 
than  the  tendency  for  Artemisia  seedlings  in  mixed  culture  on  Tangair  soil  to  have 
greater  foliar  phosphorous  contents,  no  clear  patterns  were  revealed  (Table  16). 


DISCUSSION 


Repeated  applications  of  pH  1.0  HC1  and  leaching  with  water  decreased  the  soil  pH 
of  both  Santa  Luda  and  Tangair  soils  more  than  applications  of  pH  2.5  or  5.6  HC1. 
Santa  Luda  soils  had  a  lower  pH  than  Tangair  soils  across  all  treatments.  These 
results  are  the  opposite  of  predictions  usually  made  about  soils  with  these  properties 
(Marion  et.  al.,  this  report)  and  sensitivity  ratings.  Santa  Luda  soils  loams  with 
moderate  to  high  cation  exchange  capadty  (68.6  meq./lOO  gm  soil),  soil  pH  of  5.9,  and 
a  reasonable  base  saturation  (63%)  (USDA  1972).  According  to  guidelines  for  rating 
soils  by  Ruess  and  Johnson  (1986),  soils  with  ample  cation  exchange  and  base 
saturation  coupled  with  a  pH  above  5.0  are  resistant  to  change  by  add  inputs.  Also, 
Santa  Luda  soils  are  Mollisols,  and  Peterson  (1980)  suggests  that  soils  of  this  order 
are  typically  not  sensitive  to  add  inputs.  Tangair  soils  are  Entisols  with  a  loamy  sand 
texture,  a  low  cation  exchange  capadty  (6.0  meq./lOO  gm  soil),  soil  pH  of  6.2,  and 
good  base  saturation  (71%)  (USDA  1972).  Soils  having  moderate  to  high  base 
saturation  but  a  low  cation  exchange  capadty  are  the  most  sensitive  to  change  by 
add  inputs  (Ruess  and  Johnson  1986)  and  Entisols,  in  general,  are  also  rated  as 
sensitive  to  change  (Peterson  1980).  Our  results  showed  that  the  Santa  Luda  soils 
were  more  sensitive  to  change  by  add  deposition  than  the  Tangair  soils. 

One  explanation  of  the  differences  observed  between  the  two  soils  may  be  found  in 
the  amounts  and  kinds  of  nutrients  leached  from  them.  As  discussed,  the  leaching 
of  base  cations  from  soils  can  alter  buffering  capacities  and  thus  affect  soil  pH.  It  is 
also  known  that  base  cation  leaching  can  be  enhanced  by  the  presence  of  highly 
mobile  anions  (Reuss  and  Johnson  1986).  Santa  Lucia  soils  tend  to  have  higher  total 
nitrogen  contents  than  Tangair  soils  (Marion  et.  al.,  this  report)  and  thus, 
theoretically,  might  contain  greater  amounts  of  nitrate,  a  highly  mobile  anion.  Our 
results  showed  that  the  Santa  Luda  soils  had  significantly  greater  losses  of  nitrate 


over  Tangair  soils.  Consequently,  this  increased  loss  of  nitrate  may  have  depleted 
the  base  cations  more  rapidly  in  the  Santa  Lucia  soil  decreasing  the  soil  pH  at  a 
higher  rate  than  the  Tangair  soil.  Ruess  and  Johnson  (1986)  support  this  hypothesis 
when  they  state  that  low  nitrogen  soils  are  more  resistant  to  rapid  changes  in  soil 
pH  because  of  lower  rates  of  nitrate  leaching.  Also,  Scheir  (1986)  showed  that  the  pH 
of  the  irrigating  solution  used  on  soils  affected  the  pH  and  chemistry  of  collected 
leachate  more  at  the  lower  pH  treatments  (3.0).  He  found  that  as  the  pH  of  the 
leachate  decreased  the  amount  of  cations  leached  increased  and  the  soil  pH 
decreased. 

The  reduction  in  soil  pH  for  both  soils  after  add  treatments  of  pH  1.0  indicate  that 
very  young  Artemisia  californica  seedlings  are  more  sensitive  to  lower  soil  pH  than 
young  Pinus  muricata  seedlings.  The  effect  acid  deposition  has  on  germination 
shows  that  spedes  differ  in  sensitivity  and  degree  of  inhibition  (Abrahamsen  et.  al. 
1977;  Raynal  et.  al.  1982;  and  Scherbatskoy  et.  al.  1987).  Other  studies  suggest  that 
germinative  capacity  is  not  as  sensitive  to  add  deposition  as  is  seedling  survival 
(Lee  and  Weber  1979;  McColl  and  Johnson  1983;  Percy  1986).  Our  results  showed  that 
germinated  Artemisia  seeds  either  failed  to  emerge  or  had  reduced  seedling 
survivorship  on  Santa  Lucia  and  Tangair  soils  treated  with  pH  1.0  HC1.  This  agrees 
with  findings  from  Zammit  and  Zedler  (1988)  who  showed  that  Artemisia 
establishment  was  prevented  after  a  single  dose  of  pH  .05  or  1.0  HC1  on  Santa  Luda 
and  Tangair  soils.  They  also  showed  that  germination  of  Artemisia  was  reduced 
more  at  pH  1.0  on  Santa  Lucia  soil  than  on  Tangair  soil. 

Soil  addification  may  reduce  plant  growth  (Wood  and  Borman  1977;  Percy  1986), 
stimulate  plant  growth  (Scheir  1986;  Reich  et.  al.  1987),  or  have  no  immediate  effect 
on  plant  growth  (Lee  and  Weber  1979;  McColl  and  Firestone  1987).  In  this 
experiment,  the  effect  of  pH  treatment  on  the  final  height  of  the  two  species  was 


only  strongly  indicated  at  the  pH  1.0  level,  especially  for  Artemisia  seedlings  grown 
on  Santa  Luda  soil.  However,  there  were  complex  interactions  between  pH 
treatment,  soil  type,  and  spedes  mixture  that  affected  the  growth  of  the  seedlings. 
Although  Pinus  seedlings  grew  taller  than  Artemisia  seedlings  overall,  particularly 
on  Tangair  soils,  Artemisia  seedlings  had  higher  root  production  and  greater 
root:shoot  ratios.  Artemisia  also  tended  to  grow  taller  in  mixed  culture  than  in  pure 
culture.  Artemisia  therefore  appears  to  be  more  sensitive  to  competition  from  the 
same  spedes  perhaps  because  of  overlap  in  growth  requirements  (i.e.  nutrients) 
than  with  a  dissimilar  spedes.  Pinus  muricata  growth  appears  to  be  indifferent  to  its 
neighbors. 

Spedes  differences  played  a  major  role  in  determining  the  concentration  of  foliar 
nutrients.  Overall,  Artemisia  seediings  had  greater  concentrations  of  both  nitrogen 
and  phosphorous  in  its  foliage  than  Pinus  seedlings.  However,  soil  type  appears  to 
play  an  important  role  in  determining  total  foliar  nutrient  accumulations.  Santa 
Luda  soils  tend  to  be  more  fertile  than  Tangair  soils  and  total  foliar  accumulations 
of  both  nitrogen  and  phosphorous  were  greater  on  the  Santa  Luda  soil  than  the 
Tangair  soil,  in  general,  and  for  each  species.  The  affect  of  pH  treatment  only  weakly 
determined  the  concentration  and  accumulation  of  nitrogen  and  phosphorous  in 
the  foliage  of  the  two  spedes.  The  only  clear  pattern  that  emerged  was  the  tendency 
for  Artemisia  seedlings  grown  on  the  Tangair  soil  to  accumulate  more  nitrogen  and 
phosphorous  in  mixed  culture.  It  may  be  that  when  soil  fertility  is  low  competition 
for  nutrient  resources  within  this  spedes  is  greater  than  when  grown  with  Pinus 
muricata.  There  was  no  similar  pattern  for  either  nitrogen  or  phosphorous  on  the 
richer  Santa  Luda  soil  or  for  Pinus  seedlings  on  either  soil. 

Differences  in  yield  between  Artemisia  californica  and  Pinus  muricata  tended  to  be 
greater  between  soil  types  rather  than  soil  pH  treatments,  and  yield  was  not 


dependent  on  the  sensitivity  of  the  soil.  Ashenden  and  Bell  (1987)  found  similar 
results  for  winter  barley  grown  on  different  soils  with  varying  add  treatments. 
Zammit  and  Zedler  (1988)  showed  that  Artemisia  yield  was  greater  when  grown  on 
Santa  Luda  soil  than  Tangair  soils  when  treated  with  a  single  application  of  pH  2.5 
or  5.6  HC1.  In  addition,  they  reported  no  survival  of  Artemisia  seedlings  at  the  pH 
1.0  treatment.  In  this  experiment,  the  yield  of  Artemisia,  in  general,  was  also  higher 
on  the  Santa  Luda  soil  while  yield  of  Pinus  muricata  was  higher  on  the  Tangair  soil. 
The  exception  being  the  poor  performance  of  Artemisia  seedlings  on  the  Santa  Lucia 
soil  treated  with  pH  1.0  HC1.  It  appears  that  Artemisia  seedlings  may  be  the  more 
sensitive  of  the  two  spedes  to  differences  in  soil  fertility  and  soil  pH. 

Despite  the  differences  in  height,  biomass,  and  relative  yield  between  the  two  spedes 
for  the  different  soils  types,  add  treatments,  and  planting  mixtures,  there  was  no 
strong  indication  of  a  competitive  advantage  gained  by  either  species.  The  poor 
performance  or  lack  of  survival  of  Artemisia  seedlings  on  Santa  Luda  soils  treated 
with  pH  1.0  HC1  may  be  an  indirect  advantage  to  Pinus  seedlings  due  to  differences 
in  plant  sensitivity  to  lowered  soil  pH.  This  may  indicate  that  as  the  number  of 
shuttle  launches  increase  as  well  as  the  number  of  deposition  events  to  the  soil, 
changes  may  occur  in  the  recruitment  and  thus  abundance  of  Artemisia  californica 
on  Santa  Luda  soils  where  add  deposition  is  below  pH  2.5.  Hypothetically,  Pinus 
seedlings  would  benefit  in  the  long  rim  because  of  reduced  competition  for 
resources.  Resource  competition  between  other  spedes  of  pines  growing  with  grass, 
shrubs,  or  other  trees  has  been  shown  to  significantly  affect  the  growth,  biomass,  and 
yield  of  pine  seedlings  (Shainsky  and  Radosevich  1986;  Cole  and  Newton  1987). 

The  susceptibility  of  coastal  soils  and  vegetation,  already  subject  to  natural  additions 
of  HC1  from  the  reaction  between  sea  salt  and  air  pollutants,  may  be  enhanced  by 
further  burdens  of  HC1  inputs  such  as  those  produced  by  repeated  shuttle  launches 
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(Endress  et.  al.  1978;  Hinkle  et.  al.  1986).  Hinkle  et.  al.  (1986)  reported  that  the  pH  of 
soil  leachates  from  coastal  soils  declined  as  the  number  of  shuttle  launches 
increased  and  that  the  buffering  capacity  of  the  soil  was  lowered  due  to  increased 
losses  of  base  cations.  The  overall  effect  was  a  lowering  of  soil  pH.  Near-field  and 
far-field  plant  community  monitoring  experiments  around  the  shuttle  launch  site 
at  Vandenberg  Air  Force  Base  are  needed  to  document  species  composition  changes 
and  shifts  in  competitive  regimes  thru  time  in  a  natural  setting. 

EXPERIMENT  3:  THE  EFFECT  OF  DROUGHT  ON  GROWTH,  BIOMASS 
PRODUCTION  AND  RELATIVE  YIELD  OF  PINUS  MURCATA  and  ARTEMISIA 
CALIFORNICA  GROWING  IN  PURE  AND  MIXED  CULTURE  ON  TWO  SOILS. 

This  experiment  was  undertaken  to  determine  the  competitive  interactions 
between  Pinus  muricata  and  Artemisia  califomica  when  grown  under  differing 
drought  conditions  and  planting  mixtures  on  their  natural  soils.  The  design  layout 
from  this  experiment  was  used  for  the  two  preceding  experiments.  The  hypothesis 
tested  was  in  this  experiment  was  that  when  exposed  to  drought  Pinus  muricata  has 
a  competitive  advantage  in  growth,  biomass,  and  relative  yield  over  Artemisia 
califomica  on  native  soils. 


METHODS 


Planting 

Santa  Lucia  and  Tangair  soils  were  collected  from  sites  at  Vandenberg  AFB,  passed 
through  a  2mm.  sieve  to  remove  rocks,  and  placed  into  250  cc.  pots.  In  addition, 
Tangair  soil  was  mixed  1:1  with  quartz  sand  to  make  a  third  soil  type  that  was 
theoretically  more  nutrient  poor  than  just  Tangair  soil.  Seeds  of  Pinus  muricata  and 
Artemisia  califomica  were  germinated  in  growth  chambers  prior  to  planting.  Pairs 
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of  seedlings  were  planted  in  pots  of  Santa  Luda  and  Tangair  soil  in  two  mixtures. 
Pure  cultures  consisted  of  either  two  Bishop  pine  or  two  Artemisia  seedlings  per 
pot.  Mixed  cultures  contained  one  seedling  of  each  spedes.  The  seedlings  were 
allowed  to  grow  in  a  covered  greenhouse  1  month  (March  1987)  before  beginning 
the  drought  treatments. 

Drought  Treatments 


58 


m 

vL 

a 

4 
I 


1 


i 

» 


< 


After  the  seedlings  had  grown  for  1  month,  the  seedling  mixtures  on  each  soil  type 
were  randomly  assigned  one  of  two  watering  treatments,  high  or  low,  so  that  each 
spedes  mixture  and  treatment  was  replicated  14  times  (Table  17).  The  soil  moisture 
was  measured  gravimetrically  in  implanted  pots  of  each  soil  type  to  monitor  the  soil 
water  content  which  determined  the  watering  interval.  Seedlings  in  the  high  water 
treatment  were  not  allowed  to  reach  the  wilting  point:  the  soil  was  kept  within  the 
field  capadty  range  (between  18-32%  water  content  for  the  Santa  Lucia  soil;  10-26% 
for  the  Tangair  soil).  Seedlings  in  the  low  water  treatment  were  watered  only  after 
the  soil  water  content  was  at  or  very  near  the  wilting  point  (between  8-10%  water 
content  for  the  Santa  Luda;  5-8%  water  content  for  the  Tangair)  or  when  the 
seedlings  showed  symptoms  of  wilting..  When  the  pots  were  watered  the  soils  were 
always  brought  close  to  saturation  and  then  allowed  to  drain  to  field  capadty.  The 
seedlings  were  grown  for  3  months  (April-June  1987)  under  these  watering 
treatments. 

Measurements  and  Analysis 

The  height  of  each  seedling  was  measured  at  the  beginning  of  the  drought 
treatments  and  the  growth  of  the  seedlings  monitored  by  calculating  the  change  in 
height  from  monthly  height  measurements  thereafter.  Three  months  after  the 
drought  treatments  were  started  a  final  height  measurement  was  taken  and  the 
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seedlings  were  harvested.  Total  biomass  for  each  seedling  was  fractioned  into  a 
shoot  and  root  portion  representing  above  and  below  ground  production, 
respectively.  Root-shoot  ratios  were  calculated  by  dividing  the  total  root  biomass  by 
the  total  shoot  biomass  for  each  species.  Relative  yields  for  the  species  were 
calculated  by  dividing  the  performance  measure  of  a  species  in  mixed  culture  by  the 
same  performance  measure  for  that  species  in  pure  culture  (Silvertown  1987). 

This  experiment  was  set  up  as  a  factorial  experiment  using  a  randomized-block 
design.  A  four-way  analysis  of  variance  was  used  to  detect  significant  differences  in 
growth  and  biomass.  The  4  treatment  factors  of  this  model  were  species  (A. 
californica;  P.  muricata),  soil  type  (Santa  Lucia;  Tangair),  planting  mixture  (Pure; 
Mixed),  and  drought  treatment  (High;  Low). 

RESULTS 

Productivity 

The  relationships  between  species  mixtures  growing  on  different  soils  under 
varying  competitive  regimes  and  soil  water  levels  in  natural  systems  are  likely  to  be 
interactive.  The  results  of  this  experiment  support  this  premise.  The  statistical 
results  for  height  change,  shoot  biomass,  root  biomass,  and  total  biomass  production 
all  had  significant  interaction  terms  (Tables  18-19).  The  results  for  root:shoot  ratio 
involved  only  main  effects  (Table  19)  which  did  not  demonstrate  clear  relationships. 
Despite  the  lack  of  clear  patterns  statistically,  some  generalized  conclusions  can  be 
made  by  examining  the  distribution  of  the  means  relative  to  the  main  factors;  soil 
type,  mixture,  species,  and  water  treatment  (Table  20). 

In  general,  Artemisia  seedlings  grew  taller  than  Pinus  seedlings  on  all  soil  types  for 
all  planting  mixtures  and  water  treatments  (Table  20).  The  greatest  height  change  for 


Artemisia  seedlings  occurred  on  Santa  Lucia  soil  in  mixed  culture.  Despite  this 
difference  in  overall  growth,  Pinus  seedlings  had  a  greater  total  biomass  (dry  weight) 
on  the  Tangair  and  Tangair/sand  soils,  especially  under  the  high  water  treatment. 
This  is  reflected  both  in  greater  shoot  and  root  biomass  for  Pinus  seedlings  grown  on 
these  soils  and  treatments.  Artemisia  seedlings,  however,  had  more  total  biomass, 
and  more  shoot  and  root  biomass,  on  the  Santa  Lucia  soil,  especially  when  grown  in 
mixed  culture.  This  suggests  that  on  Santa  Lucia  soils  Artemisia  seedlings  have  an 
advantage  over  Pinus  seedlings  in  both  growth  and  biomass  accumulation  whether 
grown  in  pure  or  mixed  culture  regardless  of  the  moisture  status  of  the  soil  as 
defined  in  this  experiment. 

Results  for  root:shoot  ratios  indicate  that  Artemisia  seedlings  have  a  larger 
proportion  of  roots  (ratios  closer  to  or  greater  than  1)  than  Pinus  seedlings  for  all 
mixtures  and  water  treatments  between  species  (Table  20).  Root:shoot  ratios  appear 
not  to  have  been  affected  by  the  drought  treatments  or  the  planting  mixtures  used. 
Ratios,  in  general,  were  larger  on  the  Tangair  and  Tangair/sand  soils  reflecting,  in 
part,  the  easier  root  penetration  due  to  the  lighter  soil  texture. 

Relative  yield 

Results  for  height  change  on  the  different  soil  types  indicate  that  Artemisia  has  a 
competitive  advantage  over  Pinus  on  the  Santa  Luda  soil  for  both  water  treatments 
while  Pinus  has  a  slight  competitive  advantage  on  the  Tangair/sand  soil  for  both 
water  treatments  (Figure  7).  Height  change  results  for  the  Tangair  soil  indicate  a  lack 
of  competitive  interaction  and  a  slight  stimulation  in  growth  for  both  species. 

The  results  for  total  biomass  show  no  distinct  competitive  advantage  for  either 
species  over  all  treatments  (Figure  8).  Although  Artemisia  seedlings  had  higher 
relative  biomass  yields  on  the  Santa  Lucia  soils  they  gained  no  significant  advantage 


over  Pinus  seedlings  which  were  only  slightly  sensitive  to  the  presence  of  the  other 
species.  Artemisia  seedlings  had  lower  relative  biomass  yields  on  the  Tangair/sand 
and  Tangair  soil  high  water  treatments,  but  the  Pinus  seedlings  gained  no 
significant  advantage.  Both  species  responded  positively  on  the  Tangair/sand  soil 
under  the  low  water  treatment. 

DISCUSSION 

Differences  in  the  performance  of  Pinus  and  Artemisia  found  between  soil  types 
may  be  an  indication  of  differences  in  the  water  relations  of  the  soils  and  differences 
in  soil  fertility.  In  general,  the  Santa  Lucia  soils  are  the  more  fertile,  have  a  greater 
water  holding  capacity,  and  tend  to  dry  slower  than  the  sandier  Tangair  and 
Tangair/sand  soils  which  have  better  drainage  and  aeration  but  dry  much  more 
quickly  (U.S.D.A.  1972).  The  greater  productivity  and  relative  yields  for  Artemisia 
seedlings  on  the  Santa  Lucia  soil  over  the  Tangair  soils  suggests  that  it  is  more 
sensitive  to  either  changes  in  fertility,  or  soil  water  status,  or  both,  than  the  Pinus 
seedlings  which  grew  consistent  across  all  soils  and  drought  treatments. 

The  difference  in  growth-form  of  the  two  species  (shrub  vs.  tree)  may  also  account 
for  the  between  species  differences.  Shrub  seedlings  tend  to  grow  much  faster  during 
the  initial  phases  of  establishment  when  compared  to  early  growth  in  pines.  Water 
stress  may  act  to  enhance  this  difference.  Shainsky  and  Radosevich  (1986)  foui.d  that 
soil  moisture  was  depleted  more  in  mixed  plantings  of  Pinus  ponderosa  and 
Arctostaphylos  patula  than  in  pure  cultures  of  Pinus  suggesting  competition  for 
moisture.  This  lead  to  reduced  Pinus  productivity  during  the  early  stages  of 
development  when  grown  with  Arctostaphylos.  Competition  for  moisture  may  be  a 
factor  affecting  growth  between  Artemisia  and  Pinus  in  this  experiment  since 
drought  treatment  was  significant,  interactively,  only  for  this  performance  measure. 


Growth  of  pine  seedlings  have  been  shown  to  be  sensitive  to  increasing  drought  in 
other  studies  (e.g.  Kaufmann  1968). 

The  general  pattern  that  emerged  from  this  experiment  was  the  advantage 
Artemisia  seedlings  had  on  Santa  Luda  soil  particularly  when  grown  with  Pinus 
seedlings.  The  overall  response  of  pine  seedlings  to  the  presence  of  Artemisia  was 
essentially  neutral  with  respect  to  soil  type  and  soil  water  status.  Although  the 
drought  treatments  played  only  a  minor  role  in  determining  differences  between 
species  in  this  experiment,  the  soil  water  status  of  Santa  Luda  and  Tangair  soils  in 
nature,  along  with  other  soil  factors,  undoubtably  play  an  important  role  in  the 
distribution  of  species. 
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Table  1.  Experimental  design  for  the  foliar  add  treatment  experiment  in  which  three 
month  old  Pinus  muricata  (P)  and  Artemisia  califomica  (A)  seedlings  were  treated  with 
a  single  application  of  either  pH  1.0  HC1  acid  or  deinoized  water.  Seedlings  were 
planted  in  two  mixtures  (PP,  AA  =  pure  cultures;  PA  =  mixed  culture).  Values  indicate 
the  number  of  pots  (replicates)  in  each  treatment. 


Planting  Mixture: 


AA  PP  PA 


TABLE  2.  Results  of  the  three-way  ANOVA  for  growth  of  Artemisia  and  Pinus 
seedlings  treated  with  a  single  foliar  application  of  pH  1.0  HC1.  Log  transformed  means 


used  for  the  analysis.  (*  P<  .05;  **  P<  .01;  ***  P  <  .0001) 


- F-ratios - 

Shoot  Root  Total  Root.sho 


df. 

Growth 

biomass 

biomass 

biomass 

ratio 

Source: 

species 

1 

***18.92 

***48.05 

***22.00 

***39.18 

0.816 

mix 

1 

.0055 

0.59 

2.73 

1.46 

*4.64 

treatment 

1 

***25.59 

*6.83 

1.63 

*4.71 

0.816 

sp  x  mix 

1 

.634 

.0009 

0.272 

0.041 

0.062 

sp  x  treat 

1 

**12.87 

**14.06 

**9.40 

**13.05 

0.194 

mix  x  treat 

1 

**12.54 

0.957 

0.468 

0.857 

0.00001 

sp  x  mix  x  treat 

1 

**15.69 

*6.64 

2.95 

*5.12 

0.007 

error  30 


Table  3.  Means  per  plant  (n=10)  for  growth  and  biomass  of  Pinus  and  Artemisia 
seedlings  treated  with  a  single  application  of  pH  1.0  HC1  or  distilled  water.  Values 
parentheses  are  standard  deviations. 


planting  mixture:  Pure  Mixed 

treatment  Add  Water  Add  Water 


HEIGHT  CHANGE  (cm) 


Pinus  muricata 

.067 

.267 

.200 

.325 

Artemisia 

(.13) 

(.10) 

(.10) 

(.23) 

califomica 

.767 

.967 

-.167 

2.025 

(.72) 

(.88) 

(.37) 

(.45) 

SHOOT  BIOMASS  (g.) 

Pinus  muricata 

.173 

.167 

.141 

.180 

Artemisia 

(.01) 

(.02) 

(.04) 

(.02) 

califomica 

.096 

.073 

.131 

.056 

(.006) 

(.01) 

(.03) 

(.03) 

ROOT  BIOMASS  (g.) 

Pinus  muricata 

.099 

.110 

.073 

.094 

Artemisia 

(.01) 

(.02) 

(.04) 

(.02) 

califomica 

.060 

.044 

.072 

.032 

(.02) 

(.01) 

(.03) 

(.02) 

TOTAL  BIOMASS  (g.) 


Pinus  muricata 

.272 

.277 

.214 

.274 

Artemisia 

(.02) 

(.04) 

(.08) 

(.04) 

califomica 

.156 

.117 

.204 

.089 

(.02) 

(.02) 

(.06) 

(.06) 

ROOT  SHOOT  RATIO 

Pinus  muricata 

.575 

.660 

.483 

.519 

Artemisia 

(.07) 

(.08) 

(.18) 

(.06) 

califomica 

.706 

.743 

.537 

.570 

(.40) 

(.44) 

(.12) 

(.14) 

77 


Table  4.  Experimental  design  for  the  acid  soil  experiment  where  Santa  Luda  and 
Tangair  soils  were  treated  5  times  with  HC1  solutions  of  either  pH  1.0,  2.5,  or  5.6  and 
then  leached  with  deionized  water.  Young  seedlings  of  Pinus  muricata  (P)  and 
Artemisia  californica  (A)  were  planted  on  these  treated  soils  in  two  mixtures  (PP,  AA  = 
pure  cultures;  PA=  mixed  culture)  and  grown  for  three  months.  Values  indicate 
number  of  pots  (replicates)  in  each  treatment. 

Soil  type:  Santa  Luda  Tangair 

Mixture:  A  A  PP  PA  A  A  PP  PA 


Treatment: 


pH  1.0  16  16  16  16  16  16 


pH  2.5 

pH  5.6 


16  16  16  16  16  16 


Vi* 

SR* 


Table  5.  Results  of  two-way  ANOVA  for  the  pH  of  soil  from  the  pots  of  the  1.0,  2.5,  5.6 
acid  treatments  for  the  Santa  Lucia  and  Tangair  soils.  (***  P  <  .0001) 


Source: 

d.f. 

F-ratio 

soil 

1 

889.71*** 

pH 

2 

101.41*** 

soil  x  pH 

2 

12.24*** 

error 

283 

Table  6.  Mean  pH  of  soil  from  the  pots  of  the  various  add  treatments  for  the  two  soil 
types.  Standard  deviations  are  in  parentheses. 


pH  Treatment 

1.0 

2.5 

5.6 

Santa  Lucia 

3.90  (.22) 

4.23 

(.27) 

4.46  (.29) 

Tangair 

4.80  (.23) 

5.35 

(.23) 

5.22  (.31) 

Table  7.  Results  of  the  repeated  measures  ANOVA  for  the  pH  of  the  leachate  from 
Santa  Luda  and  Tangair  soils  treated  with  pH  1.0,  2.5,  or  5.6  HC1  and  leached  with  water 
5  times.  (  ***  P  <  .0001) 


Source: 

df. 

F-ratio 

pH  treatment 

2 

133.26*** 

soil 

1 

525.99*** 

pH  treat,  x  soil 

2 

13.85*** 

subjects  within  groups 

24 

Repeated  measure 

4 

19.97*** 

(Number  of  teachings) 

pH  treat,  x  Rep.  meas. 

8 

7.18 

soil  x  Rep.  meas. 

4 

33.56*** 

pH  treat,  x  soil  x  Rep.  meas. 

8 

1.36 

Rep.  meas.  x  subjects  - 

within  groups 

96 

Table  8.  Mean  pH  of  leachate  for  Santa  Luda  and  Tangair  soils  treated  with  pH  1.0,  2.5, 
or  5.6  HC1  and  leached  with  water  5  times. 


3 


Soil:  Santa  Luda  Tangair 

#  of  Leachings  12345  1  2345 


pH  treatment: 


1.0 

5.6 

4.5 

4.9 

4.6 

4.4 

5.5 

5.5 

5.4 

5.3 

4.9 

2.5 

5.7 

4.8 

5.1 

5.2 

5.3 

6.0 

6.5 

6.1 

6.0 

6.2 

5.6 

5.6 

4.8 

5.2 

5.2 

5.2 

6.1 

6.4 

6.2 

5.9 

6.2 

Table  9.  Results  of  the  two-way  ANOVA's  for  total  release  of  Nitrate  (N03),  ammonia 
(NH4X  and  phosphate  (PO4)  from  Santa  Lucia  and  Tangair  soils  treated  with  acid  and 
leached  with  water  5  times.  Analysis  was  performed  on  log  transformed  means. 

(***P  <.001) 


Source: 


F-ratio 


sou  x  pH  treat 


error 


soil  x  Ph  treat 


error 


sou  x  pH  treat 


error 


Table  11.  Four-way  ANOVA  results  for  growth  of  Artemisia  californica  and  Pinus 
muricata  seedlings  grown  in  pure  and  mixed  cultures  on  Tangair  and  Santa  Lucia  soils 
treated  with  add.  The  analysis  was  performed  on  log  transformed  data.  (*  P<.05;  M 
P<.01;  ***  P<.0001) 


species 


pH  treatment 


sp.  x  mix 
sp.  x  pH  treat, 
soil  x  mix 
soil  x  pH  treat. 
pH  treat,  x  mix 
sp  x  soil  x  pH  treat, 
sp.  x  soil  x  mix 
sp.  x  pH  treat,  x  mix 
soil  x  pH  x  mix 


Growth 

***13.04 


-  F-ratios  - 

biomass  biomass  biomass 


***46.65 


***9.86 


**10.65  ***28.63 


w* 


for  growth  and  biomass  for  Artemisia  californic 


8 


TABLE  13-  Results  from  4-way  ANOVA  for  concentration  of  nitrogen  and 
phosphorous  (mg/gm)  in  foliage  of  Pinus  muricata  and  Artemisia  californica  seedlings 
grown  on  add  treated  Santa  Lucia  and  Tangair  soils  for  pure  and  mixed  cultures.  Log 


transformed  data  used 

for  the  analysis.  (* 

P<  .05;  **  P<.01;  *** 

P<.0001) 

- F-ratios- 

Source: 

df. 

Nitrogen  Phosphorous 

spedes 

1 

***52.78 

***33.19 

soil 

1 

2.80 

3.02 

pH  treatment 

2 

1.82 

1.01 

mixture 

1 

*5.38 

0.689 

sp.  x  soil 

1 

2.86 

0.299 

sp.  x  pH  treat. 

2 

2.15 

0.622 

sp.  x  mix 

1 

0.238 

2.65 

soil  x  pH  treat. 

2 

1.42 

2.67 

soil  x  mix 

1 

0.235 

0.757 

pH  treat,  x  mix 

2 

2.67 

1.29 

sp.  x  soil  x  pH  treat. 

2 

2.68 

2.37 

sp.  x  soil  x  mix 

1 

0.158 

3.23 

sp.  x  pH  treat,  x  mix 

2 

**5.36 

0.643 

soil  x  pH  treat,  x  mix 

2 

*3.13 

0.895 

error 


198 


87 


TABLE  15.  Results  of  the  4-way  ANOVA  for  total  accumulation  of  nitrogen  and 
phosphorous  (mg/ seedling)  in  foliage  of  Artemisia  californica  and  Pinus  muricata 
seedlings  grown  in  pure  and  mixed  cultures  on  add  treated  Santa  Luica  and  Tangair 
soils.  Log  transformed  values  used  in  the  analysis. 

(*  P<  .05;  **  P<  .01) 


Source: 


- F-ratios - 

Nitrogen  Phosphorous 


spedes 

0.18 

1.97 

soil 

*5.63 

**0.009 

pH  treatment 

0.20 

0.08 

mixture 

*6.55 

1.73 

sp.  x  soil 

0.05 

0.16 

sp.  x  pH  treat. 

*3.28 

1.40 

sp.  x  mixture 

**11.78 

*4.88 

soil  x  pH  treat. 

0.80 

0.29 

soil  x  mixture 

0.31 

2.32 

pH  treat,  x  mix. 

0.04 

1.71 

sp.  x  soil  x  pH  treat. 

0.76 

0.68 

sp.  x  soil  x  mix. 

0.10 

*6.56 

sp.  x  pH  treat,  x  mix. 

0.01 

2.16 

soil  x  pH  treat,  x  mix. 


0.18 


0.32 


."Tvvv  ,r.T  w 


x/'  v  j>  ->  ;>r* v  v  “^v5,  v.v.v.v." 
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Table  17.  Experimental  design  for  the  drought  experiment  involving  Pinus  muricata 
(P)  and  Artemisia  californica  (A)  growing  on  two  natural  soils  (Santa  Lucia;  Tangair) 
and  one  soil  mixture  (Tangair  +  Sand)  in  two  planting  mixtures  (PP,  AA  =  pure 
cultures;  PA  =  mixed  culture).  Values  indicate  the  number  of  pots  (replicates)  in  each 
treatment. 

Soil  type:  Santa  Lucia  Tangair  Tangair/sand 


Mixture: 

AA 

PP 

PA 

AA 

PP 

PA 

AA 

PP 

PA 

Treatment 

HIGH 

14 

14 

14 

14 

14 

14 

14 

14 

14 

LOW 

14 

14 

14 

14 

14 

14 

14 

14 

14 

TABLE  18.  Results  of  the  4-way  ANOVA  for  growth  of  Pinus  muricata  and  Artemisia 
californica  seedlings  growing  on  Santa  Lucia  and  Tangair  soils  in  pure  and  mixed 
cultures  under  high  and  low  water  stress.  Log  transformed  data  used  for  the  analysis 
(*-  P<.05;  **-  P<.01;  ***-  P<.0001) 


df. 

F-ratio 

Growth 

Source: 

species 

1 

***237.94 

soil 

2 

***32.47 

mix 

1 

0.035 

treatment 

1 

0.034 

sp.  x  soil 

2 

***26.80 

sp.  x  mix 

1 

*4.77 

sp.  x  treat. 

1 

*4.62 

soil  x  mix 

2 

0.92 

soil  x  treat. 

2 

0.20 

mix  x  treat. 

1 

1.99 

sp.  x  soil  x  mix 

2 

**6.50 

sp.  x  soil  x  treat. 

2 

*3.39 

sp.  x  mix  x  treat. 

1 

0.31 

soil  x  mix  x  treat. 

2 

0.70 

sp.  x  soil  x  mix  x  treat. 

2 

0.76 

error 


188 
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TABLE  19.  Results  of  the  4- way  ANOVA  for  shoot,  root,  and  total  biomass  and 
roofcshoot  ratios  of  Pinus  muricata  and  Artemisia  californica  seedlings  growing  on 
Santa  Luda  and  Tangair  soils  in  pure  and  mixed  cultures  under  high  and  low  water 
stress.  Log  transformed  data  used  for  the  analysis. 

(*-  P<.05;  **-  P<.01;  ***-  P<.0001) 


-F-ratios- 


m 


I 


df. 

Shoot 

Root 

Total 

Rootrshoot  3 

'll* 

biomass 

biomass 

biomass 

t 

ratio  r 

h 

© 

A 

to 

4 

Source: 

$ 

spedes 

1 

***48.53 

.004 

**11.73 

***47.69  '! 

soil 

2 

***63.59 

***9.52 

***35.08 

***10.74 

8 

mix 

1 

1.32 

1.63 

1.73 

0.29  5 

S 

treatment 

1 

1.41 

2.46 

2.07 

1.85  ; 

# 

sp.  x  soil 

2 

***76.24 

***26.19 

***58.35 

0.55  •  1 

sp.  x  mix 

1 

2.12 

0.09 

1.31 

2.05 

1 

sp.  x  treat. 

1 

0.005 

0.78 

0.16 

1.58 

soil  x  mix 

2 

1.21 

1.75 

1.89 

i.84  : 

1 

soil  x  treat. 

2 

1.32 

0.55 

0.67 

1.47 

• 

mix  x  treat. 

1 

0.65 

0.11 

0.27 

0.03  .*1 

sp.  x  soil  x  mix 

2 

**4.74 

0.72 

2.77 

0.72  ; 

i:i 

sp.  x  soil  x  treat. 

2 

0.98 

0.22 

0.23 

1.18  • 

sp.  x  mix  x  treat. 

1 

0.17 

0.003 

0.16 

0.06 

i 

soil  x  mix  x  treat. 

2 

1.86 

1.51 

2.11 

0.18  £ 

m 

% 

sp.  x  soil  x  mix  x  treat. 

2 

0.89 

1.77 

1.72 

0.87 

error 
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FIGURE  LEGENDS 

Figure  1.  Graphical  presentation  of  relative  yields  used  to  determine  direction  and 
magnitude  of  interactions  between  two  species.  If  the  value  lies  in  the  upper  left 
hand  quadrant  (-A,  +P)  or  the  lower  right  hand  quadrant  (+A,  -P)  this  suggests  that 
one  species  has  a  competitive  advantage  over  the  other.  Values  lying  in  the  lower 
left  hand  quadrant  (-A,  -P)  or  the  upper  right  hand  qudrant  (+A,  +P)  indicate  no 
species  advantage,  both  react  either  negatively  (antagonism)  or  positively 
(synergism)  to  the  presence  of  the  other  species.  The  intersection  of  the  relative 
yield  =  1  lines  indicates  a  neutral  interaction. 

Figure  2.  Relative  yields  expressed  as  final  height  of  Artemisia  and  Pinus  seedlings 
1  month  after  a  foliar  application  of  pH  1.0  HC1.  Water  treatment  acted  as  the 
control. 

Figure  3.  Relative  yields  expressed  as  total  biomass  of  Artemisia  and  Pinus 
seedlings  1  month  after  a  foliar  application  of  pH  1.0  HC1.  Water  treatment  acted  as 
the  control. 

Figure  4  a-c.  a)  The  cummulative  loss  of  nitrate  (NO3)  from  Santa  Luda  and 
Tangair  soils  repeatedly  treated  with  HC1  solutions  of  varying  pH  and  leached  with 
water,  b)  The  cummulative  loss  of  ammonia  (NH4)  from  Santa  Luda  and  Tangair 
soils  repeatedly  treated  with  HC1  solutions  of  varying  pH  and  leached  with  water, 
c)  The  cummulative  loss  of  phosphate  (PO4)  from  Santa  Lucia  and  Tangair  soils 
repeatedly  treated  with  HC1  solutions  of  varying  pH  and  leached  with  water.  (  SL= 
Santa  Luda  soil;  T=  Tangair  soil) 
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Figure  5.  Relative  yields  expressed  as  final  height  of  Artemisia  californica  and 
Pinus  muricata  seedlings  grown  on  Santa  Luda  and  Tangair  soils  pre-treated  with 
pH  1.0, 2.5,  or  5.6  HC1. 

Figure  6.  Relative  yields  expressed  as  total  biomass  of  Artemisia  californica  and 
Pinus  muricata  seedlings  grown  on  Santa  Luda  and  Tangair  soils  pre-treated  with 
pH  1.0, 2.5,  or  5.6  HC1. 

Figure  7.  Relative  yields  expressed  as  height  change  of  Artemisia  californica  and 
Pinus  muricata  seedlings  grown  on  Santa  Lucia,  Tangair,  and  Tangair/sand  soils 
under  high  and  low  water  stress.  (SL-H  =  Santa  Luda,  high  water;  SL-L  =  Santa 
Luda,  low  water;  T-H  =  Tangair,  high  water;  T-L  =  Tangair,  low  water;  T/S-H  = 
Tangair/sand,  high  water;  T/S-L  =  Tangair/sand,  low  water) 

Figure  8.  Relative  yields  expressed  as  total  biomass  of  Artemisia  californica  and 
Pinus  muricata  seedlings  grown  on  Santa  Lucia,  Tangair,  and  Tangair/sand  soils 
under  high  and  low  water  stress.  (SL-H  =  Santa  Lucia,  high  water;  SL-L  =  Santa 
Luda,  low  water;  T-H  =  Tangair,  high  water;  T-L  =  Tangair,  low  water;  T/S-H  = 
Tangair/sand,  high  water;  T/S-L  =  Tangair/sand,  low  water) 
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THE  EFFECT  OF  EXTREME  HYDROCHLORIC  ACID  DEPOSITION  FOLLOWING 
SIMULATED  SHUTTLE  ROCKET  LAUNCHES  ON  SOIL  CHEMICAL  PROPERTIES 


G.  M.  MARION,  C.H.  BLACK,  AND  P.  H.  ZEDLER 
Biology  Department 
San  Diego  State  University 
San  Diego,  CA  92182 


ABSTRACT 


The  objective  was  to  evaluate  the  effect  of  extreme  hydrochloric  add  (HCL) 
deposition  following  simulated  shuttle  rocket  launches  on  soil  chemical  properties. 
Four  soils  along  a  soil  chronosequence  from  Vandenberg  Air  Force  Base  were 
selected  and  evaluated  as  a  function  of  pH  spike  additions  (pH=1.0,  2.5, 4.0,  and  5.6) 
and  subsequent  leaching  by  simulated  rain.  The  major  effects  occurred  in  the 
pH=1.0  treatment;  the  higher  pH  treatments  (pH=2.5,4.0,  and  5.6)  behaved  similarly. 
The  pH=1.0  treatment  led  to  a  pH  decrease  to  2.5  in  poorly  buffered  soils  and 
increased  leaching  of  bases  (Ca,  Mg,  K,  and  Na)  and  Al.  Add  buffering  capacity 
increased  with  increasing  soil  age.  Ammonification  was  increased  and  nitrification 
was  decreased  by  the  pH=1.0  treatment.  It  was  hypothesized  that  add  neutralization 
involved  reaction  of  protons  with  polyhydroxyl-Al  complexes,  base  removal,  day 
acidification,  and  chemical  weathering.  The  ultimate  effect  of  extreme  HC1 
deposition  is  podzolization,  but  ameliorative  treatments  and  rocket  launch 
meteorological  spedfications  can  prevent  this  problem. 

INTRODUCTION 

The  literature  on  the  effect  of  acid  deposition  on  soils  and  plants  is  voluminous 
(Hutchinson  and  Havas  1980,  Johnson  et  al.  1982,  U.S.  DOE  1983,  Evans  1984, 
Morrison  1984).  The  majority  of  work  has  centered  on  nitric  and  sulfuric  acids 
because  these  are  the  principal  acidic  components  of  most  add  precipitation.  Less 
attention  has  centered  on  hydrochloric  acid  even  though  the  chloride  ion  in  very 
mobile  and  should  be  highly  effective  in  leaching  bases  from  soils  (Wiklander  1980, 
Johnson  et  al.  1982). 


Shuttle  rocket  launches  produce  105  kg  HC1  below  4  km  as  a  by-product  of  solid  fuel 
ignition  (Madsen  1981).  Acid  deposition  rates  in  near-field  environments  are  as 
high  as  183  meq/m2  with  pH’s  £1.0  (NASA  1979,  Milligan  and  Hubbard  1983,  Pellett 
et  al.  1983).  These  high  acid  deposition  rates  have  resulted  in  plant  death,  plant 
compositional  changes,  and  fish  kill  (Milligan  and  Hubbard  1983,  Potter  1983). 

Recent  work  has  shown  that  seed  germination  and  seedling  growth  of  native  plant 
species  are  severely  affected  by  single  soil  applications  of  pH=1.0  HCKZammit  and 
Zedler  1988).  There  are  a  number  of  potential  proton  (H+  ion)  sinks  in  soils  (Ulrich 
1980,  Van  Breemen  et  al.  1984,  Reuss  and  Johnson  1986).  The  relative  importance  of 
these  proton  sinks  on  extreme  HC1  leaching  is  unknown. 

The  objective  of  this  study  was  to  assess  the  effects  of  extreme  HC1  deposition  on  soil 
chemical  properties  particularly  with  respect  to  the  soil  as  a  medium  for  plant 
growth.  The  major  idea  was  to  add  add  to  the  soil  under  conditions  which  simulate 
a  shuttle  rocket  launch.  The  soils  for  this  study  were  collected  along  a  soil 
chronosequence  on  Vandenberg  Air  Force  Base  (VAFB)  in  California,  the  site  of  a 
new  shuttle  rocket  launch  site.  The  soils  were  collected  along  a  soil  chronosequence 
to  test  the  hypothesis  that:  soil  resistance  to  acid  deposition  will  increase  with 
increasing  soil  age. 

METHODS  AND  MATERIALS 

The  Experimental  Site  and  Soils 

The  experimental  site  is  on  the  Vandenberg  Air  Force  Base  (VAFB)  near  Lompoc, 
California  (N  34°  37,  W  120°  37).  The  mean  annual  temperature  and  precipitation 
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for  VAFB  are  13  °C  and  323  mm,  respectively.  Soils  were  collected  along  a 
topographic  transect  from  the  ocean  into  the  foothills  just  north  of  Point  Pedemales 
and  represent  four  soil  types:  Dune  Sand,  Baywood,  Tangair,  and  Santa  Lucia  soils 
(Cole  et  al.  1958).  The  first  three  soils  are  derived  from  marine  sands  and  the  Santa 
Lucia  soil  is  derived  from  shale.  The  Baywood  soil  is  an  Entic  Haploxeroll  (sandy, 
mixed,  thermic);  the  Tangair  soil  is  a  Typic  Psammaquent  (mixed,  mesic);  and  the 
Santa  Lucia  soil  is  a  Pachic  Ultic  Haploxeroll  (clayey-skeletal,  mixed,  thermic) 
(Shipman  1972,  Shipman  1980).  The  Dune  Sand  is  called  Dune  Land  in  more  recent 
soil  surveys  and  is  not  classified  with  respect  to  the  7th  Approximation. 

Because  of  the  topographic  positioning,  these  soils  are  thought  to  represent  a  soil 
chronosequence  with  Dune  Sand  as  the  youngest  and  Santa  Luda  as  the  oldest  end- 
members.  Justification  for  considering  these  soils  as  a  chronosequence  will  be  given 
in  the  Results. 

Vegetation  on  the  Dime  Sand  area  consist  mainly  of  drought  dedduous  shrubs 
(Lupinus  chamissonis,  Artemisia  California  )  and  the  evergreen  species, 
Haplopappus  ericoides.  The  vegetation  on  the  Baywood  soil  is  a  well-developed 
coastal  sage-scrub  dominated  by  the  drought-dedduous  Artemesia  California  and  the 


evergreen 


?us  ericoides.  Some  sub-shrubs  (Lotus  scoparius)  and  herbs 


(Scrophularia  atrata)  are  also  abundant.  In  the  lower  zone  of  the  Tangair  area,  the 
typical  vegetation  is  coastal  sage-scrub  and  is  dominated  by  Baccharis  pilularis.  Lotus 
scoparius.  and  Rubus  ursinus.  Artemisia  California  and  Salvia  mellifera  are  also 
conspicuous.  In  the  upper  zone  of  the  Tangair  area,  the  typical  vegetation  is  hard 
chapparal  dominated  by  Ceanothus  thrvsiflorus.  Ceanothus  impressus.  Rhamnus 
California,  and  Salvia  mellifera.  The  Santa  Lucia  site  supports  both  sage-scrub  type 
vegetation  (Salvia  mellifera.  Artemisia  californica.  and  Bacharis  pilularis)  and 
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chaparral  vegetation  (Adenostoma  fasciculatum.  Ceanothus  ramulosus,  and 
Arctostaphvlos  pechoensis). 


Soil  Processing  and  Analysis 


Within  each  soil  type,  five  soil  pits  were  excavated  and  sampled  by  soil  horizon 
down  to  1.0  m  or  bedrock.  Soil  samples  were  taken  by  volume  and  used  to  calculate 
bulk  density.  Within  the  Santa  Luda  soil  area,  there  were  pockets  of  deep  soil 
surrounded  by  the  more  common  shallow  soil.  Both  the  shallow  and  deep  soil 
areas  were  sampled  and  described  separately  (Table  1).  After  sampling,  soils  were 
allowed  to  air-dry. 


After  air-drying,  the  soils  were  sieved  to  pass  a  2  mm  screen.  All  subsequent 
analyses  were  done  on  the  air-dry,  <  2  mm  fraction.  A  subsample  of  this  fraction 
was  oven-dried  at  105  °C.  All  chemical  analyses  in  this  paper  are  reported  on  an 
oven-dry,  <2  mm  basis.  Conversion  of  these  chemical  analyses  to  a  field  basis 
necessitates  correcting  for  gravel  (>  2  mm)  content  (Table  1). 


Soil  texture  was  measured  with  the  hydrometer  method  (Day  1965).  Soil  pH  was 
measured  in  both  water  and  0.01  M  CaCl2  (McLean  1982).  Exchangeable  bases  (Ca, 
Mg,  K,  and  Na)  were  measured  by  extraction  with  1.0  M  NH4OAC  (Thomas  1982). 
This  base  concentration  was  corrected  for  water  soluble  ions  with  a  separate  water 
extract.  Total  N  was  determined  with  a  Kjeldahl  procedure  (Bremner  and 
Mulvaney  1982).  Total  P  was  determined  by  perchloric  acid  digestion  (Olsen  and 
Sommers  1982).  Total  C  was  determined  on  a  Leco  carbon  analyzer. 
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The  leachate  Ca,  Mg,  Na,  and  A1  concentrations  were  measured  with  a  Perkin-Elmer 
Model  6500  ICP  emission  spectrograph.  Leachate  K  was  measured  with  a  Perkin- 
Elmer  Model  306  atomic  absorption  spectrophotometer.  Ammonium-N,  NO3-N, 
P04-P,  and  Si  were  measured  colorimetrically  using  a  Technicon  Autoanalyzer. 
Leachate  pH  was  measured  with  a  Ross  pH  electrode  and  an  Orion  pH  meter. 

The  Leaching  Experiments 

The  leaching  experiment  used  to  assess  the  potential  effects  of  HC1  deposition  on 
soil  chemical  properties  was  designed  to  simulate  the  environment  and  technical 
aspects  of  shuttle  launches  at  VAFB.  Only  the  surface  soil  horizons  (Table  1)  were 
used  in  the  leaching  experiments.  A  total  of  80  soil  samples  (4  soils  x  4  pH  values  x  5 
replicates)  plus  12  blanks  were  analyzed.  Fifty  g  of  air-dry  soil  were  placed  in  Falcon 
150  ml  filter  units.  Five  ml  of  HC1  solution  (the  "spike")  were  dispensed  on  the  soil, 
allowed  to  sit  overnight,  and  extracted  under  vacuum  (0.01  MPa)  the  following  day 
with  100  ml  of  deionized  water.  Leachate  samples  were  refrigerated  and  analyzed 
promptly.  The  soils  were  placed  in  a  13  °C  incubator  and  incubated  for  1.0  month 
and  then  re-extracted.  A  total  of  five  extractions  over  a  4  month  period  were 
analyzed. 

The  HC1  acid  solutions  were  prepared  by  titrating  deionized  water  with  HC1  to  the 
required  endpoints  (1.0, 2.5, 4.0,  and  5.6)  as  judged  with  a  pH  electrode.  The  acid 
loading  of  the  pH=1.0  treatment  was  of  particular  interest  because  it  represented  an 
extreme  condition  and  the  amount  of  this  acid  added  to  the  soils  was  similar  in 
magnitude  to  the  exchangeable  bases.  Unfortunately,  the  concentration  of  the 
pH=1.0  solution  was  never  measured.  The  theoretical  concentration  of  a  pH=1.0 
solution  is  0.127  meq/1  (Robinson  and  Stokes  1970)  However  our  solution  was 


prepared  by  titration  outside  the  range  of  buffer  solutions  (pH  2-5).  An  alternative 
method  for  estimating  the  concentration  of  this  solution  is  to  utilize  the  blank 
solution  data.  For  the  first  four  extractions,  the  blank  solution  (5  ml  of  acid  +  100  ml 
of  water,  21-fold  dilution)  mean  pH  was  2.20  +  0.03.  For  the  final  extraction,  the 
blank  solution  (5  ml  of  acid  +  150  ml  of  water,  31-fold  dilution)  mean  pH  was  2.38  + 
0.01.  By  successive  approximations,  one  can  estimate  ionic  strength,  activity 
coefficients,  and  the  concentration  of  the  H+  ion  as  outlined  in  the  following 
section.  The  H+  ion  concentration  using  the  21-fold  and  31-fold  concentration  data 
were  0.144  and  0.138  meq/1,  respectively.  Since  these  numbers  were  determined 
from  solutions  within  the  range  of  buffer  standards,  they  are  probably  more  accurate 
than  the  theoretical  concentration  of  the  pH=1.0  solution.  For  this  paper,  the  H+ 
ion  concentration  of  the  pH=1.0  solution  was  assumed  to  be  0.141  meq/1. 

The  reasons  for  the  experimental  configuration  are  as  follows.  The  HC1  deposition 
associated  with  shuttle  launches  is  episodic.  One  month  is  probably  a  minimum 
time  between  successive  shuttle  launches.  We  wanted  to  simulate  this  monthly 
interval  in  order  to  allow  the  soil  time  to  rebound  from  HC1  deposition  especially 
with  respect  to  microbial  activity  and  mineral  dissolution.  Five  ml  of  pH=1.0 
solution  contains  0.705  meq  H+  ion.  Given  the  configuration  of  the  incubation 
chamber,  this  is  equivalent  to  189  meq/m^  which  is  close  to  reported  rates  of 
deposition  at  Kennedy  Space  Center  both  with  respect  to  quantity  (183  meq/ m2)  and 
quality  (pH=1.0)  (Milligan  and  Hubbard  1983,  Madsen  1981,  Pellett  et  al.  1983).  The 
leaching  with  100  ml  of  deionized  water  is  equivalent  to  26.8  mm  of  rain  which  is 
close  to  the  mean  monthly  precipitation  at  VAFB  of  26.9mm.  The  incubation 
temperature  of  13°C  is  the  mean  annual  temperature  at  VAFB.  The  spike  solution 
pH  values  of  1.0,  2.5,  4.0,  and  5.6  were  chosen  in  order  to  simulate  the  entire  range  of 
probable  acidic  deposition  following  shuttle  launches. 


Solution  Phase  Activity  Calculations 

Solution  phase  activities  were  calculated  except  for  H+  activity  which  was  directly 
measured.  The  activity  (a)  of  a  chemical  spedes  is  defined  by: 


a  =  ^c  (1) 

where  c  is  the  activity  coefficient  and  c  is  the  molar  concentration.  Activity 
coefficients  were  determined  with  the  Davies  equation: 

Iog(Y)  =  -  Az2(  (Via.  0  +  VT)  -0.31)  (2) 

(Sposito  1981)  where  A  is  a  constant,  z  is  the  valence  and  I  is  the  ionic  strength 
defined  as: 


1  =  0.5  Ic.  Z2 

i  i 


(3) 


Activity  coefficients  of  neutral  chemical  spedes  were  assumed  to  be  unity.  The 
assumption  was  made  that  the  principal  soluble  cations  were  H,  Al,  Ca,  Mg,  K,  and 
Na  which  were  balanced  by  Cl  (not  measured).  Because  the  Cl  anion  forms  only 
weak  ion-pairs  (Lindsay  1979),  ion-pairing  was  ignored.  Aluminum  was  assumed  to 
exist  as  a  series  of  monomers  in  solution: 


Alt  =  Al3+  +  A1QH2+  +  Al(OH)+  +  Al(OH)3 


(4) 


1 1 1 

Given  measurements  of  Alt,  the  dissociation  constants  for  the  aluminum  hydroxide 
monomers  (Lindsay  1979),  and  the  ionic  strength,  one  can  solve  for  the 
concentration  and  activity  of  the  individual  ions  in  solution.  A  computer  program 
was  written  to  solve,  by  successive  approximations,  for  the  A1  species  and  to 
ascertain  the  H+  ion  concentration  in  solution.  The  latter  was  needed  for 
estimating  the  molar  flux  of  H+  ions  through  the  soils.  Input  to  the  program 
included  pH,  Ca,  Mg,  K,  Na,  and  Alt  concentrations.  Silicon  was  assumed  to  exist 
entirely  as  the  undissociated  silicic  acid  (H4Si04). 

The  uncertainties  involved  in  this  solution  phase  model  are  greatest  for  Al.  Recent 
work  suggest  that  complex  Al  polymers  and  organic  Al  complexes  are  important 
constituents  of  the  solution  phase  under  natural  conditions  (Ulrich  1980,  Johnson  et 
al.  1981).  The  latter  complexes  were  ignored  in  our  model  for  lack  of  experimental 
data.  However,  under  the  very  add  conditions  (pH  <  3.0)  which  developed  in  the 
latter  phases  of  our  leaching  experiments,  the  dominant  Al  species  in  solution  is 
clearly  Al3+.  At  least  under  these  conditions,  the  model  should  be  valid. 

Statistical  Analyses 

The  solution  phase  chemical  extract  data  were  analyzed  with  a  three  factor  factorial 
analysis  of  variance  (ANOVA).  The  factors  were  soil  type  (Dune  Sand,  Baywood, 

Tangair,  and  Santa  Luda),  pH  spike  (1.0,  2.5, 4.0, 5.6),  and  time  (0, 1,  2, 3,  and  4 
months).  Soil  and  pH  were  handled  as  grouping  fadors  and  time  as  a  trial  factor  in 
a  repeated  measures  design.  There  were  five  replicates  of  each  of  the  16  soil-pH 
combinations.  The  statistical  analyses  were  done  using  the  BMDP  programs  (Dixon 
and  Brown  1979).  Tukey's  honestly  significant  difference  (hsd)  test  was  used  to  test 
for  differences  among  treatment  means  (Steel  and  Torrie  1960). 
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RESULTS 

The  Soil  Chronosequence 

Based  on  position  within  the  landscape,  it  was  hypothesized  that  the  soil 
toposequence  was  also  a  soil  chronosequence.  Soil  bases  and  total  carbon  within  the 
surface  meter  of  soil  increase  across  the  hypothesized  chronosequence  (Fig.  1). 

These  results  strongly  support  the  chronosequence  hypothesis.  However,  because 
the  Santa  Luda  soil  is  formed  on  a  different  parent  material  (shale)  from  the  other 
soils  (sand),  it  is  not  possible  to  attribute  the  differences  between  the  Santa  Luda  and 
the  other  soils  to  time  exdusively.  Nevertheless,  the  total  carbon  and  bases  in  the 
Santa  Luda  soil  follow  the  trend  expected  for  a  chronosequence;  therefore,  in  the 
subsequent  analysis,  this  transect  will  be  referred  to  as  the  soil  chronosequence  and 
results  will  be  presented  along  this  soil  sequence. 

The  Statistical  Analyses 

In  general,  the  factorial  ANOVA  found  significant  main  effects  (soil,  pH  spike,  and 
time)  as  well  as  significant  interaction  terms  (Table  2).  The  elements  which  showed 
the  weakest  relationship  to  the  main  treatment  variables  were  Na  and  NO3-N,  two 
elements  which  are  weakly  adsorbed  and  readily  loss  through  leaching.  An  analysis 
of  the  soil  x  pH  interaction  generally  showed  a  significant  difference  between  the 
pH=1.0  treatment  and  the  remaining  pH  treatments  (Table  3).  The  pH  was 
significantly  depressed  and  the  concentrations  of  Ca,  Mg,  K,  Na,  Al,  Si,  and  NH4-N 
were  significantly  increased.  The  pH=1.0  spike  had  a  major  influence  on  leaching 
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of  most  elements.  As  our  ANOVA  table  demonstrated  (Table  2),  time  was  also  a 
critical  factor. 

Seven  selected  variables  (pH,  Ca,  K,  N03-N,  P04-P,  Si,  and  Al)  will  be  used  to 
demonstrate  the  effect  of  time.  Soil  pH  dropped  to  <  3.0  with  one  spike  of  pH=1.0 
solution  for  the  Dune  Sand  soil  (Fig.  2).  The  remaining  soils  showed  greater 
resistance  to  pH  change  and  in  the  order  hypothesized  for  the  chronosequence: 

Dune  Sand<  Baywood  <  Tangair  <  Santa  Lucia.  The  extract  pH  was  generally  lower 
for  the  pH=2.5  spike  than  for  the  pH=4.0  and  the  pH=5.6  spikes  but  not  in  all  cases 
(Fig.  2). 

The  pH=1.0  spike  led  to  a  rapid  depletion  of  both  Ca  and  K  especially  from  the  Dune 
Sand,  Baywood,  and  Tangair  soil  (Figs.  3  and  4).  Only  the  Santa  Lucia  soil  showed 
no  obvious  trend  toward  depletion  of  Ca  and  K.  As  was  the  case  for  pH,  the  trends 
in  the  Ca  and  K  data  for  pH=2.5,  4.0,  and  5.6  spikes  are  similar.  Only  the  pH=1.0 
spike  showed  significant  differences. 

Nitrogen  and  P  are  the  two  essential  plant  elements  that  most  frequently  limit 
terrestrial  plant  growth.  As  such  they  were  of  particular  inportance  in  assessing  the 
effect  of  HC1  deposition  on  the  soil  as  a  medium  for  plant  growth.  In  general,  the 
pH=1.0  spike  led  to  a  significant  increase  in  the  concentration  of  NH4-N  in  the 
extracts  (Table  3).  In  contrast,  there  was  a  decrease  in  NO3-N  concentrations  (Fig.  5). 
For  both  the  Dune  Sand  and  Baywood  soils,  NO3-N  levels  fell  to  zero  on  the  third 
extraction  (2  months).  The  pH  lowering  depressed  the  bacterially  mediated 
nitrification  process.  The  pH=2.5,  4.0,  and  5.6  spikes  followed  similar  time  trends. 
The  rate  of  nitrification  increased  with  increasing  soil  age.  The  major  effect  of  HC1 
addition  on  PO4-P  was  to  increase  the  concentration  in  the  pH=1.0  spike  in  the  Dune 


Sand  soil  (Table  3,  Fig.  6).  This  increased  concentration  is  probably  due  to  the  highly 
acidic  concentration  of  the  Dune  Sand  soil  (Fig.  2);  however,  it  is  unclear  why  the 
Baywood  soil  did  not  respond  in  a  similar  way  once  the  pH  dropped. 

Silicon  and  A1  were  included  in  this  study  because  they  should  reflect  mineral 
weathering,  a  potentially  important  process  in  acid  neutralization.  The  pH=1.0 
spike  increased  dramatically  the  leaching  of  Si  from  the  Dune  Sand,  Baywood,  and 
Tangair  soils  (Fig.  7).  The  effect  of  the  pH=1.0  spike  was  less  pronounced  for  the 
Santa  Luda  soil  only  because  the  Santa  Luda  soil  Si  concentrations  were  high  across 
all  pH  treatments  (Fig.  7).  This  difference  in  Si  solubility  among  soils  is  attributable 
to  a  difference  in  parent  material.  The  parent  material  for  Dune  Sand,  Baywood, 
and  Tangair  soils  is  marine  sand,  while  the  parent  material  for  the  Santa  Lucia  soil 
is  siliceous  or  diatomaceous  shales  of  the  Monterey  formation  (Cole  et  al.  1958). 
Aluminum  concentrations  paralleled  pH  (cf.  Figs.  2  and  8).  Aluminum 
concentrations  were  substantially  above  background  levels  only  where  the  extract 
pH  was  <  4.0.  Aluminum  is  important  not  only  because  it  affects  the  acid 
neutralization  process,  but  also  because  Al  is  toxic  to  plant  growth.  Concentrations 
as  low  as  37  mmol/1  (1.0  mg/1)  can  be  toxic  to  sensitive  plants  (Pratt  1966).  However 
there  is  considerable  variation  in  plant  sensitivity  to  Al  induding  evidence  that 
some  forest  trees  can  withstand  Al  concentration  >  2000  mmol/1  (Johnson  et  al. 

1982,  Morrison  1984).  Only  where  the  pH  was  <  4.0  were  concentrations  of  Al  in  the 
range  that  could  prove  toxic  to  plants  (Table  3,  Fig.  8). 

System  Inputs  and  Outputs 

The  distribution  of  charge-carrying  cations  in  the  leachates  was  ascertained  using  the 
successive  approximations  technique  previously  described.  Soil  bases  were  rapidly 


leached  from  the  Dune  Sand  and  Baywood  soils  (Fig.  9);  at  the  conclusion  of  the 
experiments,  the  dominant  cations  were  the  acidic  A1  and  H  ions.  On  the  other 
hand,  at  the  conclusion  of  the  experiments,  the  Tangair  soil  was  approximately 
balanced  between  basic  and  acidic  cations;  acidic  cations  only  carried  a  minor 
amount  of  the  charge  in  the  base-rich  Santa  Luda  soil. 

The  acid  addition  (input)  to  the  soils  varied  from  14.3  (Tangair)  to  15.8  (Dune  Sand) 
meq/kg  soil.  The  slight  variation  in  add  addition  is  due  to  a  slight  difference  in  the 
moisture  content  of  the  air-dry  experimental  soil.  The  experimentally  measured 
outputs  varied  from  16.2  to  17.7  meq/kg  soil  (Fig.  9).  The  system  output  was  higher 
by  a  consistent  amount  (1.7  ±  0.3  meq/kg)  from  the  system  input  for  all  four  soils. 
There  are  a  number  of  possible  explanations  for  this  discrepancy.  One,  the  indirect 
method  used  to  calculate  input  H  concentration  could  be  in  error  (See  Methods  and 
Materials).  Two,  non-stoichiometric  reactions  involving  mineral  dissolution  could 
be  taking  place.  Three,  there  could  be  errors  in  the  analytical  determinations.  And 
four,  there  could  be  errors  in  the  calculation  of  the  output  A1  and  H  ion 
concentrations  by  the  successive  approximations  technique.  Following  the  first 
extraction  when  considerable  solution  was  retained  by  the  initially  air-dry  soil,  there 
was  a  consistent  level  of  extracted  charge  in  spite  of  the  fact  that  the  charge-carrying 
cations  changed  significantly(Fig.  9);  this  would  argue  in  favor  of  minor  errors  in 
either  analytical  measurements  or  calculation  of  H  and  A1  output  concentrations. 
Also  there  was  a  consistent  difference  between  the  system  input  and  output  for  each 
soil  (1.7  +  0.3  meq/kg);  this  consistency  suggests  an  error  in  the  calculation  of  the 
input  H  concentration  as  the  most  likely  explanation  for  the  discrepancy  between 
input  and  output.  Whatever  the  cause,  the  magnitude  of  this  discrepancy  (ca.  10%) 
is  insufficient  to  alter  the  main  conclusions  with  respect  to  the  dominance  of  basic 
and  acidic  ions  as  charge  carriers. 


A  comparison  of  extracted  and  exchangeable  bases  shows  an  approximate  balance  to 
slight  excess  of  extracted  bases  except  for  the  Santa  Luda  soil  where  a  considerable 
residual  of  exchangeable  bases  remained  in  the  soils  at  the  conclusion  of  the 
experiments  (Fig.  10).  For  the  Dune  Sand  and  the  Baywood  soils  despite  the  add 
additions  considerable  in  excess  of  soil  base  content,  there  still  remained  at  the 
conclusion  of  the  experiments  a  small  amount  of  base  removal  which  suggest 
mineral  dissolution  (Fig.  9).  For  the  Dune  Sand  and  Baywood  soils,  the  base-Al-H 
ratios  of  the  extracts  for  the  last  two  extraction  appear  to  have  reached  constant 
ratios  which  suggests  that  the  soils  may  have  reached  a  temporary  steady-state. 

Mineral  Solubility 

For  comparative  purposes,  the  solubility  products  of  a  few  common  soil  minerals 
are  plotted  along  with  calculated  solution  phase  activities  (Fig.  11)  The  solubility  of 
Si  in  the  Santa  Lucia  soil  is  quite  independent  of  pH  or  A1  concentration  and  falls 
between  the  solubility  of  "soil-Si"  and  quartz,  the  most  stable  silica  mineral  (Lindsay 
1979).  The  solubility  of  Si  in  the  Santa  Luda  soil  is  probably  not  governed  by  an 
aluminosilicate  mineral.  On  the  other  hand  at  high  pH,  the  possibility  exists  that  an 
aluminosilicate  mineral  is  governing  the  solubility  in  the  other  soils  as  the  trend  in 
the  data  follows  that  of  kaolinite  (Fig.  11).  Also,  the  data  roughly  follow  gibbsite 
solubility.  However  this  relationship  breaks  down  at  low  pH  which  can  be  most 
easily  seen  by  plotting  pAl  versus  pH  directly  (Fig.  12).  Above  pH  4.5,  the  gibbsite 
solubility  line  fits  the  data  very  well;  below  pH  4.5,  the  relationship  breaks  down. 

On  the  other  hand,  a  straight  line  fits  the  pAl  versus  pH  data  across  the  entire  pH 
range  (Fig.  12).  The  relationship  between  A1  and  pH  is  critically  important  because 


AI  chemistry  has  been  directly  linked  to  the  soil  acid  neutralization  process  (Ulrich 
1980,  Johnson  et  al.  1981). 
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DISCUSSION 

The  Add  Neutralization  Process 

A  number  of  mechanisms  could  be  responsible  for  proton  removal  in  the 
experimental  soils  including  ion-exchange,  protonation  of  anions,  and  mineral 
weathering  (Van  Breemen  et  al.  1984).  There  is  evidence  that  the  add 
neutralization  process  in  not  due  to  a  direct  exchange  of  protons  for  basic  cations  on 
the  exchange  complex.  Clay  mineralogists  have  known  for  years  that  it  is  difficult,  if 
not  impossible,  to  produce  H+  saturated  days;  invariably  a  H-Al  clay  is  produced 
(Grim  1968). 

Any  mechanism  for  describing  the  add  neutralization  process  must  be  able  to 
account  for  both  base  displacement  and  solubilization  of  Al  since  Al  is  known  to  be 
involved  in  the  acid  neutralization  process.  A  mechanism  which  can  account  for 
these  properties  assumes  that  protons  are  neutralized  by  polyhydroxyl-Al  complexes 
assodated  with  clay  minerals  (Fig.  13).  Protons  are  neutralized  by  OH  ions  forming 
water;  associated  with  this  change  is  the  acquisition  of  a  positive  charge  by  the 
aluminum  complex  and  as  a  consequence,  the  displacement  of  a  basic  cation.  This 
add  neutralization  process  continues  until  the  entire  polyhydroxyl-Al  complex  is 
converted  into  Al^+  ions.  According  to  this  model  (from  Bohn  et  al.  1985),  Al^+ 
should  only  be  significant  below  pH  4.5,  which  agrees  with  our  experimental  results 
at  least  for  the  sandy  soils  (cf..  Figs.  2  and  8).  In  the  Santa  Luda  soil  (shale-derived), 
the  Al  concentrations  in  the  pH=1.0  spike  treatment  never  increased  above  levels 
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for  the  other  pH  treatments  even  though  the  extract  pH  fell  to  slightly  below  4.0. 

The  high  residual  base  content  of  the  Santa  Lucia  soil  at  the  conclusion  of  the 
experiments  (Fig.  10)  may  account  for  the  low  A1  solubility  since  A1  is  strongly 
adsorbed  by  soils.  These  reactive  polyhydroxyl- A1  complexes  are  important  in 
several  phenomena  outside  the  immediate  scope  of  this  paper  including  pH- 
dependent  cation  exchange  capacity  (Bohn  et  al.  1985)  and  sulfate  adsorption 
(Johnson  1980). 

The  proposed  model  is  similar  to  those  proposed  by  Bohn  et  al.  (1985)  to  account  for 
pH  dependent  charge  and  that  proposed  by  Ulrich  (1980)  to  account  for  add 
neutralization.  Johnson  et  al.  (1981)  proposed  a  two  step  model  to  account  for  acid 
neutralization  at  Hubbard  Brook.  The  two  steps  were  :  (1)  H+  ion  is  neutralized  by 
dissolution  of  reactive  alumina  and  (2)  H  and  Al  aridity  is  neutralized  by  chemical 
weathering  of  primary  minerals.  In  their  work,  they  hypothesized  based  on 
solubility  measurements  that  the  reactive  alumina  was  a  gibbsite-like  mineral 
(Al(OH)3).  Based  on  our  solubility  measurements,  an  argument  can  be  made  that 
their  model  also  fits  our  data.  Above  pH  4.5,  Al  solubility  is  governed  by  gibbsite 
(Fig.  12)  and  the  arid  is  neutralized  by  dissolution  of  gibbsite;  if  we  assume  that  the 
strongly  adsorbed  trivalent  Al  ion  is  adsorbed  onto  the  clay  mineral  displacing  basic 
cations  which  subsequently  leach,  then  we  have  a  mechanism  almost  identical  to 
that  proposed  here  (Fig.  13).  In  fact,  there  is  no  way  to  distinguish  these  two 
mechanisms  based  on  the  reported  solubility  data. 

However,  from  our  work,  it  is  clear  that  a  gibbsite-like  mineral  is  not  responsible  for 
Al  solubility  at  pH  <  4.5;  the  concentration  of  Al  under  very  acidic  conditions  (pH  < 
3.0)  is  much  less  than  that  supported  by  gibbsite  (Fig.  12).  Also,  the  strong 
correlation  between  pAl  and  pH  across  the  entire  range  suggests  a  single  mechanism 
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(Fig.  12).  Furthermore,  Ulrich  (1980)  claims  that  gibbsite  is  missing  in  most  add 
soils.  The  assumption  that  the  "reactive  alumina"  is  a  polyhydroxyl-Al  complex  is 
more  in  keeping  with  both  solution  and  solid  phase  evidence  (Ulrich  1980,  Bohn  et 
al.  1985). 

Three  pieces  of  evidence  suggest  that  some  mineral  dissolution  (chemical 
weathering)  occurred.  The  pH  of  the  soil  extracts  for  the  last  two  samplings  of  the 
Dime  Sand  and  Baywood  soils  were  consistently  higher  by  0.15  +  0.04  pH  units  than 
a  blank.  That  is,  these  soils  never  reached  the  point  where  the  pH  of  the  input 
solution  (assumed  to  be  the  same  as  the  blank)  became  equal  to  the  pH  of  the  output 
(extract)  solution.  A  0.15  pH  difference  can  account  for  neutralization  of  about  29  % 
of  the  H+  ion  input.  The  continuing  base  extraction  in  the  Dune  Sand  and  Baywood 
soils  at  the  end  of  the  experiments  also  supports  the  argument  that  chemical 
weathering  was  taking  place  (Fig.  9).  The  slight  excess  of  Ca  and  K  in  the  extracts 
relative  to  exchangeable  bases  (Fig.  10)  also  suggests  chemical  weathering. 

A  four  step  mechanism  is  proposed  to  account  for  acid  neutralization,  base 
exchange,  and  Al  solubility  under  our  experimental  conditions.  One,  acid  is 
neutralized  by  reaction  with  reactive  alumina  (polyhydroxyl-Al  complexes) 
associated  with  the  exchange  complex.  Two,  as  reactive  alumina  acquires  charge, 
bases  are  displaced.  Three,  eventually  a  pure  acidic  (H-Al)  clay  develops.  And  four, 
further  acid  neutralization  is  governed  by  chemical  weathering  via  the  acidic  cations 
(H+  Al3+). 


The  Soil  as  a  Medium  for  Plant  Growth 

Of  the  HC1  treatments  evaluated,  only  the  pH=1.0  spike  had  a  profound  effect  on  soil 
chemical  properties.  The  pH=1.0  treatment  led  to  a  significant  decrease  in  soil  pH; 
accompanying  this  pH  decrease  was  a  significant  loss  of  exchangeable  bases  and  a 
significant  increase  in  A1  solubility.  Soil  ammonification  was  increased  and  soil 
nitrification  was  decreased  by  the  pH=1.0  treatment.  Soil  acidification  increased  P 
leaching  only  for  the  Dune  Sand  soil  which  was  the  most  poorly  buffered  soil. 

The  loss  of  exchangeable  bases,  decrease  in  soil  pH  to  2.5,  and  increase  in  A1 
concentrations  to  possibly  toxic  concentrations  are  all  adverse  effects  on  the  soil  as  a 
medium  for  plant  growth.  However,  to  place  these  results  in  perspective,  it  is 
necessary  to  quantify  these  effects  relative  to  field  conditions.  To  do  this,  an 
estimate  was  made  of  the  number  of  HC1  additions  (183  meq/m2,  a  measured 
Kennedy  Space  Center  input)  that  it  would  take  to  remove  the  bases  from  the  soils 
(Fig.  14).  This  calculation  considers  bulk  density,  depth  of  soil  horizons, 
exchangeable  base  content,  and  gravel  content  (Table  1).  Fifty  additions  of  add 
would  be  suffident  to  leach  the  bases  from  the  surface  meter  of  soil  for  the  Dune 
Sand  soil.  On  the  other  hand,  100  additions  of  add  would  only  leach  the  bases  from 
the  surface  16  cm  of  the  Santa  Luda  soil.  However,  there  was  both  a  shallow  and 
deep  phase  for  the  Santa  Lucia  soil  (Table  1).  For  the  shallow  phase  soil,  16  cm  is 
64%  of  the  soil  depth.  Loss  of  64%  of  the  bases  is  significant.  The  resistence  to 
change  as  judged  by  base  removal  was  directly  related  to  soil  age  as  was  hypothesized 
initially.  The  older  the  soil,  the  greater  the  resistance  to  addification. 

There  was  evidence  for  both  exchangeable  base  removal  and  chemical  weathering. 
Although  it  appears  that  chemical  weathering  may  be  in  a  steady-state  at  present. 


ultimately,  these  minerals  will  also  be  removed  from  the  soil  profile.  Base  removal 
coupled  with  removal  of  primary  and  secondary  minerals  from  the  soil  profile 
under  intense  addic  leaching  is  a  well-known  process  in  soils  and  is  call 
podzolization  (Norton  1976).  The  ultimate  effect  of  intense  acidic  leaching  is  a  soil 
devoid  of  organic  matter,  minerals,  and  exchangeable  bases,  low  in  pH,  high  in  Al, 
and  low  in  soil  fertility. 

Fortunately,  the  case  considered  (Fig.  14)  is  a  worse-case  scenario  which  assumed 
repeated  additions  to  the  same  point  on  the  soil  surface.  The  actual  deposition 
depends  on  meteorological  conditions  at  launch  time.  The  worse  condition  for  add 
deposition  is  a  rain  storm  immediately  after  launch  which  brings  the  add  down  in  a 
small  area;  with  no  rain,  the  acid  deposition  is  dissipated  over  a  wider  area.  Also, 
winds  which  blow  the  add-laden  douds  to  sea  minimize  acidic  damage  because 
ocean  waters  are  alkaline  (pH=7.9,  alkalinity  =  230  meq/1  (Stumm  and  Morgan  1970)) 
and  can  easily  absorb  the  add.  For  example,  100  additions  of  add  (183  meq/m2) 
would  neutralize  about  8.0  cm  of  ocean  water.  Given  the  mixing  of  ocean  waters, 
this  is  a  minor  effect.  It  is  possible  to  treat  the  worse  affected  terrestrial  areas  by 
application  of  bases  (e.g.,  CaC03)  to  the  soil  surfaces  to  neutralize  the  add.  A  more 
difficult  immediate  problem  is  the  effect  of  addic  deposition  on  plant  composition. 

A  plant  compositional  change  seems  inevitable  (Potter  1983). 
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FIGURE  LEGENDS 


Figure  1.  The  total  base  and  carbon  content  in  the  surface  meter  of  soil. 

Figure  2.  The  effect  of  add  spikes  on  the  soil  extract  pH. 

Figure  3.  The  effect  of  add  spikes  on  the  soil  extract  Ca. 

Figure  4.  The  effect  of  add  spikes  on  the  soil  extract  K. 

Figure  5.  The  effect  of  add  spikes  on  the  soil  extract  NO3-N. 

Figure  6.  The  effect  of  acid  spikes  on  the  soil  extract  PO4-P. 

Figure  7.  The  effect  of  acid  spikes  on  the  soil  extract  Si. 

Figure  8.  The  effect  of  acid  spikes  on  the  soil  extract  Al. 

Figure  9.  The  charge-carrying  cations  from  the  extracted  soils. 

Figure  10.  A  comparison  of  total  extracted  and  exchangeable  bases. 

Figure  11.  A  stability  diagram  for  selected  silica,  aluminum,  and  aluminosilicate 
minerals. 

Figure  12.  The  relationship  between  pAl  and  pH. 

Figure  13.  A  schematic  diagram  of  the  acid  neutralization  process. 

Figure  14.  The  depth  of  soil  base  depletion  as  a  function  of  the  number  of  add 
additions  (183  meq/m^)  (a  hypothetical  case). 
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ABSTRACT 


Observations  in  permanent  plots  after  a  1982  controlled  fire  in  chaparral  vegetation 
in  coastal  Santa  Barbara  County,  California  demonstrate  that  Carpobrotus  edulis,  the 
common  introduced  ice  plant,  increased  substantially  along  with  other  native  plants 
capable  of  invading  disturbed  sites  such  as  Salix  lasiolepis.  Although  fire  is  a 
natural  disturbance,  it  can  favor  the  spread  of  invasive  exotics  when  a  seed  source  is 
available.  Controlled  burning  programs  must  consider  the  possibility  and  risks  of 
invasion  by  exotics. 

The  importance  of  human  disturbances  such  as  grazing,  agriculture,  and  road 
construction  in  promoting  the  invasion  of  exotics  is  well  known  (Elton  1958).  It  is 
less  clear  if  natural  disturbance  factors  such  as  fire  hinder  or  assist  invasion 
(Johnstone  1986).  A  well-accepted  explanation  for  weed  invasion  is  that  human 
disturbance  creates  a  new  environment  in  which  the  native  plants  are  at  a 
disadvantage  with  respect  to  invaders.  Thus,  the  arguement  can  be  made  that  fire  in 
a  landscape  where  it  has  a  long  history  should  not  give  an  advantage  to  exotics.  On 
the  contrary,  the  native  plants,  which  should  be  fitted  to  the  special  local 
characterisitcs  of  the  fires,  might  be  favored.  This  theoretical  reasoning  is  given 
practical  support  by  burning  experiments  that  have  shown  a  decrease  in  exotics  (e.  g., 
Hillyard  1985).  It  is  the  purpose  of  this  paper  to  demonstrate  that  burning  by  no 
means  invevitably  favors  natives  and  may,  in  some  instances,  promote  the  spread 
of  exotics. 

The  exotic  studied  here,  Carpobrotus  edulis  (L.)  Bolus  ("ice-plant"),  has  been  widely 
planted  in  California  and  is  now  viewed  as  a  weed  (McClintock  1985)  that  should 
be  eradicated  in  sensitive  natural  habitats  (e.g.,  Libby  1979).  It  is  particularly 


aggressive  in  sandy  coastal  sites  (Griffin  1978),  where  it  can  become  the  dominant 
plant  over  large  areas.  As  an  exotic  and  a  succulent  plant,  Carpobrotus  edulis 
populations  might  be  expected  to  react  negatively  to  burning,  and  this  reaction 
might  offer  a  means  of  controling  this  species.  Our  results  show  that  fire  may  favor 
its  expansion. 


STUDY  AREA 

The  study  was  conducted  on  Burton  Mesa  in  Santa  Barbara  County  (340  42'  30"  N 
120°  43'  W)  about  2.6  km  from  the  ocean  to  the  west  of  the  railroad  tracks  near  the 
intersection  of  35th  street  and  California  boulevard  on  Vandenberg  Air  Force  Base. 
The  soil  type  at  the  site  is  mapped  as  Tangair  with  inclusions  of  the  poorly-drained 
Narlon  series  (Shipman  1972).  Both  soils  have  coarse  sandy  loam  textures,  are 
derived  from  marine  deposits,  and  are  low  in  fertility. 

The  vegetation  at  the  site  is  a  distinctive  central-coast  phase  of  chaparral.  It  is 
characterized  by  low,  sometimes  salt-spray  trimmed  canopies  of  evergreen  species 
with  an  admixture  of  drought-deciduous  coastal  sage  scrub  elements.  The  site  also 
includes  other  species  of  limited  or  disjunct  distribution,  such  as  Arctostaphvlos 
rudis  and  Eriodictvon  capitatum. 


METHODS 

The  data  reported  here  were  collected  in  conjunction  with  an  experimetal  burn  of 
approximately  40  ha  conducted  in  the  summer  of  1982  to  determine  the  effect  of 
prescribed  fire  on  E.  capitatum  (Jacks,  Zedler,  and  Scheidlinger  unpub.  report.). 

Before  the  fire,  a  sample  area  of  approximately  0.6  ha,  delimited  by  clearing  along  a 
paved  road,  a  railroad  track,  and  an  old  unpaved  track,  was  selected  and  divided  into 
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meter  transect,  crossing  both  the  burned  and  unbumed  vegetation,  was  established 
in  June  1982  before  the  fire  and  was  sampled  for  crown  cover.  In  addition  to 
marking  individual  R  capitatum  to  follow  in  survivorship  studies,  we  established 
four  3x3  meter  plots  in  the  bum  area  centered  on  R  capitatum  clumps.  These  plots 
were  therefore  not  random  with  respect  to  R  capitatum  but  were  not  selected  with 
reference  to  C.  edulis.  The  cover  of  all  shrub  species  within  these  plots  was 
recorded  and  the  location  of  all  R  capitatum  were  mapped  before  the  fire.  After  the 
fire  seedlings  and  sprouts  were  mapped. 

We  estimated  seed  production  of  C  edulis  in  1985  by  counting  the  number  of  fruits 
in  40  regularly  spaced  meter-square  quadrats,  collecting  3  fruits  from  each  quadrat  in 
which  they  were  present,  and  counting  the  seeds  in  a  randomly  selected  sub-sample 
of  12  fruits. 

RESULTS 

In  1982,  before  the  fire,  C  edulis  was  present  along  the  road  and  the  railway  that 
bordered  the  site.  None  was  recorded  within  the  experimental  area,  however, 
which  had  a  nearly  complete  cover  of  living  or  dead  shrub  canopies  of  primarily 
evergreen  species  (Table  1).  Because  of  this  dense  cover,  we  cannot  assert  that  C 
edulis  was  not  present  somewhere  in  the  experimental  area,  but  there  is  no  doubt 
that  its  total  density  was  negligible.  In  contrast,  in  1985,  three  years  after  the  fire,  the 
cover  of  C.  edulis  was  26%,  making  it  the  second-most  abundant  post-fire  perennial 
plant  (Tablel). 

Observations  in  the  permanent  plots  confirm  that  seedling  establishment  is 
responsible  for  the  increase  in  C.  edulis.  These  plots  were  resampled  in  1983,  and 
the  location  of  C  edulis  and  shrub  seedlings  was  recorded  (Table  2).  Seedlings  of  C. 
edulis  were  recorded  at  an  average  density  of  over  7000/ha.  A  1985  resample 


relocated  70%  of  these,  indicating  a  high  survivorship.  Three  new  plants  of  C. 
edulis  were  found  in  1985  that  may  have  been  established  in  the  second  season  of 
recovery  but  more  probably  were  missed  in  the  initial  survey. 

Although  C  edulis  has  been  reported  to  reproduce  only  vegetatively  (McClintock 
1985),  the  observed  seedling  establishment  obviously  contradicts  this.  We  collected 
fruits  and  found  an  average  of  5.3  (SD  12.1,  N=40)  fruits/m2  and  an  average  of  1004 
seeds/fruit  (SD  431,  N=12).  This  indicates  a  1985  seed  production  of  over  5.3  million 
seeds/ha.  Obviously  this  figure  will  vary  from  year  to  year  and  place  to  place,  but 
the  numbers  serve  to  show  that  C  edulis  can  have  prodigious  seed  production. 

The  establishment  of  several  other  species  is  also  indicative  of  the  susceptibility  of 
burned  chaparral  to  invasion.  The  presence  of  seedlings  of  Salix  lasiolepis  in  the 
burned  area  was  very  unexpected  (Table  2).  No  mature  individuals  of  this  species 
were  observed  anywhere  within  a  kilometer  of  the  the  site  before  or  after  the  fire. 
The  identity  of  the  species  was  confirmed,  however,  by  comparison  with  seedlings 
found  along  the  Santa  Ynez  River,  where  the  species  is  very  abundant.  We  assume 
that  the  seeds  were  blown  onto  the  site  from  these  large  stands  along  the  Santa  Ynez 
River  which  lies  about  2  km  to  the  south. 

It  is  not  surprising  that  willow  seeds  dispersed  to  the  site  and  germinated  there. 
What  is  more  remarkable  is  that  they  established  and  survived  to  early  July  1983, 
and  that  a  few  were  still  present  and  alive  in  the  area  the  following  summer.  The 
mortality  in  the  permanent  plots  was,  however,  complete  by  the  second  summer. 
The  initial  survival  of  the  willows  probably  was  aided  by  the  fact  that  the  1982-83 
hydrologic  year  for  the  area  was  one  of  above  normal  precipitation  (81.9  cm;  mean 
rainfall  is  35.2  cm),  and  it  may  have  been  enhanced  by  the  presence  of  a  heavy  clay 
layer  overlying  shale  bedrock  that  underlies  the  sandy  surface  soil  at  a  depth  of  a 


meter  or  more.  This  may  have  allowed  high  moisture  conditions  to  persist  over  the 
first  summer.  This  wet  year  was  followed  by  two  years  of  below  average 
precipitation  (1983-84,  21.6  cm;  1984-85,  26.5  cm)  which,  in  part,  may  explain  the  lack 
of  willow  establishment. 

Other  exotic  species  besides  C  edulis  were  observed  in  the  post-bum  area.  A 
number  of  Eucaplvptus  sp.  seedlings,  whose  seeds  evidently  dispered  from  a  nearby 
windbreak,  were  present  as  were  clumps  of  Cortaderia  sp.  and  Herrea  elongata.  an 
exotic  succulent  introduced  from  South  Africa. 

Two  easily  dispersed  native  species,  Baccharis  pilularis  (wind)  and  Solanum  xantii 
(animal)  were  common  as  seedlings  in  the  post-fire  vegetation  (Table  2)  even 
though  they  were  minor  elements  as  mature  shrubs  before  the  fire.  These  species 
are  frequent  in  chaparral  and  coastal  sage  scrub,  and  it  is  questionable  whether  their 
presence  constitutes  "invasion". 

DISCUSSION 

The  substantial  cover  of  C.  edulis  after  the  1982  fire  is  evidence  that  the  invasion  of 
exotic  species  into  native  vegetation  can  be  advanced,  rather  than  retarded  by 
burning.  This  is  all  the  more  remarkable  because  as  a  succulent  and  as  a  coastal 
plant  C  edulis  did  not  seem  to  us  to  be  a  species  that  would  benefit  from  burning. 
The  plants  of  this  genus  appear  to  be  able  to  do  this  not  only  in  California,  but  also 
in  its  native  habitats  in  South  Africa  and  Australia.  Eugene  Moll  (pers.  comm.  1985) 
of  the  University  of  Cape  Town  has  noted  seedling  establishment  of  C.  dinidiata 
after  fire  in  the  sand  plain  and  mesic  mountain  fynbos  communities  in  South 
Africa,  although  he  notes  that  the  species  is  most  abundant  in  communities  that  are 
seldom  burned.  Judith  Brown  of  the  Western  Australian  Wildlife  Research  Centre 
(pers.  comm.  1985)  reports  that  C  edulis.  also  introduced  into  W.  Australia, 


establishes  by  seed  after  hot  fires  in  coastal  locations  near  Perth,  although  in  her 
opinion  it  is  "not  an  aggressive  colonizer".  She  notes,  however,  that  native  species 
of  Carpobrotus  can  invade  woodlands  after  fire.  In  one  case  on  Middle  Island  off  the 
coast  of  W.  Australia  a  thick  carpet  of  Carpobrotus  developed  from  seedlings  after 
fire  in  a  Eucalyptus  angulosa-E.  platypus  forest  unbumed  for  170  years.  This 
evidence  suggests  that  invasion  of  C  edulis  into  burned  chaparral  at  Vandenberg 
APB  may  not  be  as  anomalous  as  it  appears. 

Although  fire  provided  the  "temporary  invasion  window"  (Johnstone  1986)  there 
must  also  be  propagules  to  exploit  it.  We  do  not  know  how  and  when  the  seeds  of 
C  edulis  dispersed  to  the  site.  Fruits  of  C  edulis  are  eaten  by  small  mammals  (W. 
Ferren,  pers.  comm.)  and  the  seeds  are  small  and  hard-coated.  We  suspect  that  most 
of  the  seeds  were  deposited  at  the  site  in  small  mammal  feces.  Therefore,  the 
majority  of  the  seeds  probably  were  in  the  soil  for  some  time  before  the  fire. 

It  is  known  that  fire  can  be  used  to  decrease  exotics  in  coastal  settings.  W.  James 
Berry  of  the  State  Department  of  Parks  and  Recreation  (pers.  comm.  1985)  reports 
several  successes  in  controlling  introduced  spedes-Avena  at  Pt.  Mugu  and  Malibu, 
Bromus  diandrus  at  Montana  de  Oro,  and  Brassica  at  Pt.  Lobos.  Timing  was  a  key 
element  in  these  efforts.  The  burns  were  conducted  when  they  would  kill  most  of 
the  seed  crop  of  the  exotics  without  seriously  harming  the  desirable  spedes,  mostly 
perennial  natives. 

Our  observations  make  it  clear  that  these  successes  must  not  be  taken  as  an 
indication  that  fire  will  inevitably  act  to  the  favor  of  natives  over  exotics.  A  case  in 
point  comes  from  South  Africa  where  the  native  vegetation  is  well  adapated  to 
survive  fire,  but  invasion  of  exotics,  including  pines  from  the  Northern 
Hemisphere  and  Hakea  from  Australia,  has  become  a  serious  problem.  Fire  can  be 
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used  to  reduce  the  abundance  of  some  of  some  these  the  invaders,  but  others  (e.g.. 
Acacia  )  cannot  be  eliminated  with  burning  (Kruger  and  Bigalke  1984). 

It  is  also  apparent  that  edge  effects  were  important  in  the  situation  we  describe. 
Human  disturbance  along  the  margins  of  the  experimental  plot  allowed  the 
populations  of  C  edulis  to  establish  and  maintain  themselves.  Fire  provided  the 
opportunity  for  the  seedlings  to  establish.  These  results  underline  the  importance 
of  minimizing  edge  to  area  ratios  in  retarding  the  expansion  of  exotics.  They  also 
suggest  that  longer  fire  rotations  should  be  favored  over  shorter  rotations  in 
situations  where  exotics  that  can  exploit  open  conditions  are  already  part  of  the 
system.  Coastal  sage  scrub  communities  are  particularly  vunerable  to  changes  in 
species  composition  (i.e.  invasion)  when,  as  in  this  case,  the  vegetation  is  composed 
mainly  of  species  with  no  ability  (e.g.  Ceanothus  spp.,  Arctostaphylos  spp.)  or  only  a 
weak  ability  (e.g.  Salvia  mellifera,  Eriodictyon  capitatum)  to  resprout  after  fire 
(Westman  and  O'Leary  1986). 
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Table  1.  Pre-  and  post  bum  cover  of  shrubs,  sub-shrubs,  and  Carpobrotus  edulis  on  a 
chaparral  site  on  Vandenberg  Air  Force  Base,  Santa  Barbara  County,  California. 
Transect  lengths  were  60  meters  for  1982  and  100  meters  for  1985.  Live  cover  values 
include  overlap.  Bare  ground  is  area  not  covered  by  live  or  dead  plant  canopies. 
Nomenclature  after  Smith  (1976). 


Pre-Bum 
1982  Cover  (%) 


Post-Bum 
1985  Cover  (%) 


Species 

Live 

Dead 

Live 

Dead 

Adenostoma 

fasciculatum 

45.3 

1.2 

4.3 

0.0 

4 

Arctostaphylos 

purissima 

39.3 

0.3 

1.1 

0.0 

Arctostaphylos 

rudis 

15.9 

1.7 

1.0 

0.0 

• 

Carex  sp. 

0.0 

0.0 

0.3 

0.0 

Carpobrotus 

edulis 

0.0 

0.0 

26.2 

0.3 

• 

Ceanothus 

impressus 

0.0 

0.0 

0.1 

0.0 

Ceanothus 

ramulosus 

1.2 

2.6 

0.5 

0.0 

% 

Eriodictyon 
capita  turn 

3.2 

1.2 

1.7 

0.0 

Haplopappus 

ericoides 

1.0 

0.1 

0.0 

0.0 

% 

Helianthemum 

scoparium 

0.0 

0.0 

30.4 

1.9 

Lotus  scoparius 

0.0 

0.0 

3.0 

0.9 

Salvia  mellifera 

3.9 

0.4 

3.6 

0.0 

• 

Bare  ground 

1.8 

— 

33.1 

— 

# 

r  v  v  ’ 

y.vSv-' 

1 


I 


Table  2.  Abundance  of  seedlings  in  permanent  quadrats  noted  in  July  1983  after  the 
summer  1982  prescribed  bum.  Values  are  based  on  averages  of  four  3  x  3  m  plots. 
S.E.  represents  the  standard  deviation  of  the  mean  for  the  sample  of  four  plots. 
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Species 

number/ha 

S.E. 

• 

Arctostaphylos 

rudis 

2230 

4450 

A.  purissima 

41075 

18000 

% 

Adenostoma 

fasciculatum 

1650 

1650 

Salvia  mellifera 

6930 

2700 

• 

Ceanothus  ramulosus 

825 

830 

! 

C.  impressus 

1375 

1380 

i 

Salix  lasiolepis 

6400 

715 

• 

Baccharis  pilularis 

4425 

1211 

Lotus  scoparius 

3600 

1895 

% 

Carpobrotus  edulis 

7780 

2100 

i 

Solanum  xantii 

4700 

1470 

« 
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* 
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v 
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v.v 
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